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Abstract
The application of pressure to chemical substances can change their physical properties (optical,
magnetic, and electrical) and it can also be used to alter some chemical reactions. The need
for compatible pressure generating instruments is constantly growing in various high pressure
(HP) researches. The work described in this thesis is focused on development, construction,
testing of several high pressure cells of novel design. These designs were developed to meet
the requirements of different research collaborations. The main objective of this project is to
develop high pressure cells for magnetic studies in the magnetic properties measurement system
known as MPMS, which is the most popular commercial magnetometer nowadays. Three high
pressure cells were designed and tested for different type of magnetic measurements.
The first design presented in this thesis is a cylinder type pressure cell which is specially de-
signed to measure the magnetic susceptibility of the pressure-sensitive material under pressure.
The cell is driven by compressed helium gas which allows the internal pressure to be adjusted
with small increments (1 MPa) through the regulator of the external gas cylinder. The cell was
made of non-magnetic beryllium copper alloy and designed to work up to 100 MPa at 400 K
temperature. The design was verified with finite element analysis (FEA) simulation and its
sample volume was optimised to provide large sample capacity which allows high quality data
to be collected in the MPMS.
Modified from the earlier turnbuckle magnetic diamond anvil cell (TM-DAC) reported in Kon-
stantin V. Kamenev (KVK) group, the second high pressure cell presented in this thesis is an
opposed diamond anvil pressure cell. The working mechanism of this cell is based on the turn-
buckle principle. The cell was specifically developed for iHelium3 system which is a add-on
cryostat of the MPMS. The cell was coded TM-3He-DAC to distinguish with the original TM-
DAC. The cell is 6 mm in diameter and 7 mm in length, which are smaller than the dimensions
of the predecessor (TM-DAC). Copper titanium alloy was used in building the cell to further
reduce the magnetic background from the cell. The cell is capable of achieving close to 5 GPa
sample pressure in the loading test and the magnetic background is significantly lower than the
TM-DAC. The development of this cell enables high pressure magnetic measurements to be
performed at extreme low temperature (0.5 K) in the iHelium3 system.
The third high pressure cell developed for the MPMS is also a turnbuckle diamond anvil cell,
however, all the material used in the cell is non-metallic to enable high-pressure ac magnetic
measurement to be performed. An advanced high strength polymer was assessed using finite
element analysis and experimental testing. The performance and failure modes for the key
components of the cell working in tension and in compression were evaluated and the ways
for optimising the designs were established. The cell is coded PTM-DAC in this thesis and the
composite gasket was also developed and tested for the PTM-DAC. The cell is approximately
14 mm long, 8.5 mm in diameter and was demonstrated to reach pressures of 5.6 GPa. Ac
susceptibility data collected on Dy2O3 and U6Fe demonstrated the performance of the cell in
magnetic property measurement and confirmed that there was no screening of the sample by
the environment which typically accompanies used of conventional metallic high pressure cells
in oscillating magnetic fields.
Based on the experience of from the development of above two turnbuckle diamond anvil cell, a
turnbuckle sapphire anvil cell (T-SAC) was developed in this project for high-pressure neutron
scattering. Commercial spherical sapphire were used as anvil in the cell as they are much
more cost effective if compared to the diamond anvil. The developed T-SAC can generate and
maintain sample pressures above 6 GPa with a sample volume 6×10−2 mm3 which is 6 times
that of conventional diamond anvil cell (DAC). Failure analysis was performed on the sapphire
anvil to gain a better understanding of the failure mechanism of the spherical sapphire anvil.
The cell had been used in measuring the crystal structure of single crystal niobium at 1.6 GPa
through small angle neutron scattering (SANS) technique. The cell is less than 16 mm in length
and 14 mm in diameter, it is the smallest sapphire anvil cell to date. The miniature feature allow
it can be fit into most cryostat of modern scientific instrument without difficulties.
Lastly, two piston-cylinder type high pressure cells were developed for high-pressure chemistry
studies. These cells were designed to pressurise large amount of liquid sample (particular for
water-based sample) up to 800 MPa in a controllable manner. Each design is presented sepa-
rately with stress analysis in FEA and a description of the working mechanism. Hoop strain
at the external surface of the cell was measured and then the internal pressure was calculated
through the Lamé equation. After that, the load and attainable internal pressure was calibrated
for the users. These cells have been used in the high-pressure study of salicylaldoximes process,
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Most magnetism units used in this thesis are Gaussian cgs system, which stands for ‘centimeter,
gram, second’. As SI (Systèm Internationale d’Unités) units are the official units of measure
agreed upon by most nations, the following table provides the conversion between the cgs and
SI units.







H Magnetic field strength oersted (Oe) 103/4π A/m
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χ (Mass) susceptibility emu/g 4π × 10−3 m3/kg




This first chapter provides a general introduction of high pressure instrumentation and a brief
description of high-pressure magnetic measurement. In addition, the methodologies used in




1.1 High pressure instrumentation
In our daily life, pressure (P) is as important as temperature (T) among thermodynamic parame-
ters. We use pressure cookers in our kitchen to fasten the cooking speed and use gas cylinders to
contain liquefied petroleum gas as fuel or store liquefied gases at high pressures. High pressure
air is filled in the tyre of our bicycle and cars to absorb shock during the journey. Apart from
that, pressure processes the greatest range of magnitude among the thermal dynamic parame-
ters, 60 orders from the highest vacuum in space to the pressure in the centre of a neutron star.
With the modern diamond anvil cell (DAC) technique, the maximum static pressure obtainable
in the laboratory was reported 460 GPa [1]. The achieved magnitude is probably higher than
the pressure at the core of our earth, which was estimated to be 360 GPa [2].
There are two methods of generating high pressure: static and dynamic. This thesis concen-
trates on static high pressure which provides scientist with a powerful tool for tuning in a
controllable manner the volume of the sample and, therefore, the properties of that sample. The
terminology, high pressure, in this thesis is referred to static high pressure. Since the application
of high pressure can produce many interesting phenomena (e.g. structural, electronic, magnetic
and other phase transitions, polymerisation of organic substance), high pressure instrumentation
become more and more important and a variety of high pressure cells are constantly reporting
in the high pressure community. Most of these instruments are designed to be used in the study
of physical properties of material under pressure, such as X-ray diffraction, neutron diffrac-
tion/scattering, Raman scattering, optical spectroscopy, electrical resistivity measurement and
magnetic measurement. From the perspective of the construction layout, these high pressure
cells can be divided to two general categories, piston-cylinder and opposed anvil type. The
difference of these two types of high pressure cell will be demonstrated in Chapter 2.
1.2 High-pressure magnetic measurement
Magnetisation (M) is a fundamental physical property characterising the response of a mate-
rial to applied magnetic field. The dependence of magnetisation and temperature (T), field (H)
and pressure (P) could be used to investigate the nature of magnetic interactions, the value of
the exchange parameters, the critical T, H, and P of magnetic phase transitions. The intrinsic
spin and orbital angular momentum of a material can be revealed through magnetic property
measurement. For those strongly magnetic materials, such as the ferromagnetic material used
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in electric motors or the material used in hard disk drive, determining a magnetisation curve
over a range of applied magnetic fields will help establish its commercial value in application.
For other materials, those that might be categorised as non-magnetic, a similar magnetic re-
search might reveal information about the electronic structure, interactions between neighbor
molecules or the character of a phase transition of the material. Apart from that, magnetic
measurements at high pressure can pave the way to developing materials with optimised prop-
erties for application. The main objective of this project is developing high pressure cells to
carry out high-pressure magnetic measurement in the magnetic properties measurement sys-
tem (MPMSr) [3], manufactured by Quantum Design and using superconducting quantum
interference device (SQUID) technology [4]. More specific introduction of this commercial
magnetometer will be introduced in the two following chapters.
1.3 Turnbuckle technique
Limited space available in sample chambers of the MPMS SQUID magnetometer is the main
constraint on the dimensions of high pressure cells. Other constraints will be further discussed
in Chapter 2 and Chapter 3. The dimension constraint is also very common for many cryogenic
instrument which is required to thermalise the sample in the sample chamber efficiently. To
overcome the dimension constrain, the novel turnbuckle opposed anvil technique pioneered by
S. W. Tozer [5–9] is an extremely effective solution to size down the dimensions of the high
pressure cell and the layout of such cells can be very simple. Figure 1.1 shows the turnbuckles
which are widely used for bracing or losing the guy wires or cables in construction sites. Force
can be created and maintained by rotating the body of the device while restriction the counter
threaded ends to translational movement. The self lock mechanism of the turnbuckle was firstly
introduced in fabricating DAC by S. W. Tozer [10] for pulse magnetic study at low temperature.
Figure 1.1: Commonly used stainless steel turnbuckles.
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As shown in Figure 1.2, the turnbuckle DAC can be made to only three moving parts, the
buckle and the two rods entering the buckle with one having a reverse thread. The rods could
be made shorter and the diamond anvils could sit on the ends of the rods. External load pushes
the anvils together to squeeze the sample inside the gasket to generate pressure and creates a
small clearance between the threads which allows the turnbuckle body to rotate and lock the
anvils advance. This thesis will present three new types of turnbuckle opposed anvil cells which
are based on the existing turnbuckle magnetic diamond anvil cell (TM-DAC) [11] as shown in
Figure 1.2. The specification of the TM-DAC will be further introduced in Chapter 4.
Figure 1.2: TM-DAC: (a) parts; (b) the assemble TM-DAC in the standard plastic straw holder
of MPMS; (c) drawing of the cell with key dimensions. [11]
1.4 Finite element method
Instrument design is the core of this project and Finite Element analysis (FEA) was used ex-
tensively in this project to assess/optimise the designs. FEA is a computational approximation
method which enable engineer to analyse the mechanical quantities (such as stress, strain, defor-
mation ect.) of a part in a fast, inexpensive and non-destructive way. The fundamental concept
of finite element method is that the volume of a continuum part can be divided into a finite
set of contiguous, discrete elements and solve a set of simultaneous equations, each of which
applies to an elements and to the nodes that connect the elements. The FEA was firstly codified
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in 1956 [12] and now there are numerous highly developed commercial FEA codes available.
FEA technique become essential for many engineers who work in the engineering sector be-
cause it can effectively reduce the product developing time. This technology was used in high
pressure instrumentation since 1980s and was proof an efficient tool in designing/optimising
the high pressure cells. To fasten the engineering decision in this project, all the presented high
pressure cells were developed/optimised through finite element method. The methodology and
technique will be further introduced in Chapter 5.
1.5 Objectives
The overall objective of this project was to develop instrumentation and methodology for mea-
suring properties of materials at the extremes of pressures, temperatures and magnetic fields
where such techniques did not exist. The following were the areas of focus:
• To develop a helium gas pressure cell for magnetic susceptibility measurements on pres-
sure sensitive materials.
• To develop a miniature diamond anvil cell for the 3He insert into MPMS SQUID mag-
netometer; it should enables the measurement of magnetic susceptibility at high pressure
and at extremely low temperatures (down to 0.5 K).
• To develop a miniature non-metallic diamond anvil cell for high-pressure ac susceptibility
measurement in MPMS SQUID magnetometer.
• To develop a compact opposed-anvil cell with spherical sapphire anvils.
• To develop a couple of large-volume piston-cylinder pressure cells for chemical reac-
tions.
1.6 Thesis outline
The thesis consists of eleven chapters outlined below:
Chapter 1: Introduction
General introduction of high pressure instrumentation and high-pressure magnetic measure-
ment, methodologies, and aims of this project are described.
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Chapter 2: Literature Review
First part of the Chapter 2 is devote to chronologically review the existing designs of high pres-
sure cells for the MPMS SQUID magnetometer. Then two types of sapphire high pressure cell
are reviewed, sapphire anvil cells with spherical sapphire anvil and the sapphire cells devel-
oped for small angle neutron scattering (SANS). The final part of the review describes the the
publications and past projects that are related to FEA application in high pressure engineering.
Chapter 3: Magnetic Properties Measurement System
As the MPMS SQUID magnetometer is one of the most popular modern commercial magne-
tometers, this chapter is dedicated to introduce the system layout and the measurement tech-
nique of this system. The two different measurement technique in MPMS, direct current (dc)
and alternative current (ac), are described in detail. A 3He cryostat add-on system (iHelium3)
for the MPMS is described at last in this chapter.
Chapter 4: High Pressure Experimental Methods
This chapter gives a review of theory and common methods for high pressure cell design.
The first part of this chapter focus on the piston-cylinder cell. The second part describes the
opposed anvil technique which includes the diamond anvil cell and sapphire anvil cell. The final
section introduces several commonly used pressure transmitting medias used in high pressure
experiment.
Chapter 5: Finite Element Analysis
As FEA was used in the design process of all the pressure cells developed in this project,
this chapter provide a brief introduction and information of the technique of the finite element
method.
Chapter 6: Helium Gas Pressure Cell for MPMS SQUID Magnetometer
A helium gas pressure cell is presented in this chapter, which is used for magnetic susceptibil-
ity measurements on pressure sensitive material at high temperature. The design and testing
process are demonstrated and discussed. The measurements data for a newly developed spin-
crossover nanopaticles is attached at last to demonstrate the data quality.
Chapter 7: Turnbuckle Diamond Anvil Cell for Sub-K Low Temperature Magnetic Mea-
surement
This chapter presents the development and testing of a miniature, turnbuckle diamond anvil cell
for the iHelium3 system. The design was modified from the TM-DAC and the material of the
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cell was replaced to CuTi alloy which was reported with lower magnetic signal. The perfor-
mance of the cell was confirmed in a FEA package and fully tested. The magnetic background
of the cell was measured and presented. Several future possible improvements are discussed at
the end of the chapter.
Chapter 8: Non-metallic Turnbuckle Diamond Anvil Cell for Ac Magnetic Measurement
The cell presented in this chapter is based on turnbuckle principle and constructed with to-
tally non-metallic components to enable high pressure ac magnetic measurement. The mate-
rial selection and design process is described in detail including material magnetic background
measurement, gasket preparation, pressurisation testing and optimisation. FEA was used exten-
sively for design, failure analysis and optimisation. Ac magnetic measurement data of Dy2O3
and U6Fe is presented to demonstrate that the cell avoids the screening issue which usually
accompanies conventional metallic high pressure cells during ac measurement.
Chapter 9: Turnbuckle Sapphire Anvil Cell with Spherical Sapphire Anvils
This chapter is set to build a turnbuckle high pressure cell to contain more sample for neutron
scattering. Commercial spherical sapphire are used for anvil as the cost is much lower than
the diamond anvil while more sample space. Two designs were tested and the second version
was found able to generate and maintain sample pressure above 6 GPa with a sample volume
6 times larger than the conventional diamond anvil cell. Failure analysis was perform on the
sapphire anvil to gain a better understanding of the failure mechanism of spherical sapphire
anvil. The settle design had been used in measuring the crystal structure of single crystal
niobium at 1.6 GPa through small angle neutron scattering (SANS) technique.
Chapter 10: Large Volume Piston-Cylinder Pressure Cells
This chapter presents two piston-cylinder type high pressure cells for chemistry studies. These
cells are designed to pressurise large amount of liquid sample up to 800 MPa with controllable
manner. Each design and its working mechanism are presented separately. Strain gauge method
are used to estimated the internal pressure then the pressure was calibrated with the applied
load. The auxiliary tools for the cells are presented at last in this chapter.
Chapter 11: Conclusions and Future Developments
The conclusion and significant outcomes form this project are summarised in this chapter. Fur-





This chapter is divided to three sections. The first section of this chapter focuses on review-
ing the existing high pressure cells for MPMS. The second part concentrates on two types of
sapphire high pressure cell, the sapphire anvil cells with spherical sapphire anvils and sapphire
cells particular developed for SANS. As FEA method is widely used in the instrumentation
work in this project, the recent high pressure engineering involve FEA method are presented at
last. All the literatures in each section are reviewed chronologically.
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2.1 High pressure cells for the MPMS, Quantum Design
Magnetisation (M) is a fundamental physical property characterising the response of a mate-
rial to applied magnetic field. The dependence of temperature (T), field (H), and pressure (P)
could reveals the nature of magnetic interactions, the critical T, H, and P of magnetic phase
transitions, ect. A. A. Galkin has been one of the pioneers of magnetic properties measure-
ments at high pressure. Using a piston-cylinder cell with a built-in solenoid for generating high
pulsed magnetic fields, the group led by him mapped and investigated the P-T-phase diagram
of MnAs [13].
As the modern magnetometers [3, 14] can provide precise control in temperature and magnetic
field change, high pressure instrumentation for the magnetometer became an important field of
magnetisation study in past two decades. The main target of this project focuses on developing
or modifying high pressure cells for the Magnetic Property Measurement system (MPMSr)
from Quantum Design [3], which is the one of the most popular commercial magnetometer as
the sensitivity of this magnetometer reaches 10−8 emu over a wide range of temperature and
magnetic fields. As the excellent sensitivity of this instrument is based on the integrated su-
perconducting quantum interference device (SQUID), this system is usually referred as SQUID
magnetometer or MPMS magnetometer for abbreviation. The working principle and operation
of this system will be introduced in next chapter.
This section mainly covers existing high pressure cells for the MPMS SQUID magnetometer
from 1996 to date. Design constraints and suitable materials for building the cell are discussed
first. Then two types of high pressure cells for the SQUID magnetometer, cylinder and op-
posed anvils are described separately with chronological order. All the existing high pressure
cells are only compatible with dc measurement technique, and for ac measurement, the high
pressure cells must equipped with built-in coils and most of them are based on DAC design.
The difference between dc and ac techniques, the high pressure cells with built-in coils, will be
introduced separately in next chapter.
2.1.1 Design challenge of high pressure cells for SQUID magnetometer
The size limitation is the first challenge for designing a high pressure cell for MPMS as the
diameter of sample chamber in MPMS is only 9 mm diameter, which means external diame-
ter of the cell must smaller than 9mm to be fit in. Therefore, the published cell designs were
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usually described as miniature due to the dimensions of such cells are much smaller than con-
ventional high pressure apparatus. Material selection is another important consideration in
design. Magnetic measurements normally involve high magnetic field (0.1 tesla to 7 tesla) and
low temperature (200 K to 0.5 K). The material used in construction of a high pressure cell
needed to be carefully considered in such extreme environment.
There are three fundamental requirements for material. First, the material strength needs to be
high enough to withstand high pressure. Second, the magnetisation of the material is desired
to be small and insensitive to the applied magnetic fields, the sensitivity of the cell can be
increased if it was made of lower magnetic background material. Last, the mechanical and
magnetic property of the material is desired to be stable for a broad temperature particular in
extremely low temperature. Apart from three constraints above, sometimes other factors will
matter such as commercial availability and price. There are a few suitable materials from the
existing publication so far [15–17]. None of these materials listed here is absolute perfect, the
instrument scientists need to find their own balance among these considerations such as high
pressure range, high sensitivity, budget, material availability etc.
Figure 2.1 and Figure 2.2 shows the magnetic susceptibility of three candidate materials for the
magnetic cell. BeCu alloy is the most popular material for pressure cells in the magnetisation
measurement at present. The magnetic susceptibility is low as Be and Cu are both diamagnetic
element. The ultimate tensile strength can achieve 1.4 GPa after fully hardening at 315 ◦C for
2 hours. It is commercially available as standard rod or sheet in the market which is convenient
and economical to purchase. As shown in Figure 2.1, the magnetic susceptibility of BeCu
increases noticeably at low temperature due to impurity containment of nickel or cobalt. The
commercial BeCu alloy normally contains Ni and Co with the rates of 0.2-0.5% to avoid the
toxic beryllium oxide appears on the alloy surface [18]. The magnetisation of BeCu depends on
the added impurity of Co and Ni and the amount. Ni is preferred to Co as its magnetic moment
is smaller [19–21]. Apart from that, the mechanical properties of BeCu are very stable at low
temperature, the plasticity even increase [17]. This is a unique advantage for constructing low
temperature cell as BeCu cells would less likely to have a brittle failure at low temperature.
NiCrAl is a promising alloy for high pressure cell due to the non-magnetic and high strength
characteristic. The heat treated alloy is with tensile strength 2.2 GPa [16]. However, the main
issue of this alloy is the availability. It is called Russian alloy as it was only available in former
USSR region with small quantity [22]. It was not commercially available until successfully
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Figure 2.1: Temperature dependence of the magnetic susceptibility of BeCu alloy (BERYLCO-
25) from NGK [15], and NiCrAl alloy from Japan [16] and the USSR region [17].
The BERYLCO-25 is with 0.2% Co and 0.6% Ni+Fe impurity. The arrows indicate
which scale the data is associated with. The susceptibility was measured in 100 Oe
field over the temperature range from 300 to 2K. It is clear that the NiCrAl from
Japan is much lower than the one from former USSR region, the purity control is
improved significantly in the Japanese NiCrAl [16].
reproduction in Japan on 2002 [16], the magnetic background of the alloy was improved sig-
nificantly as shown in Figure 2.1. Apart from the alloys mentioned above, there is another high
strength non-magnetic alloy Co-Ni-Cr-Mo (MP35N) [22] with 1.79 GPa yield strength, which
had been used to fabric piston-cylinder high pressure cells [22] for use at 3.5 GPa pressure.
However, the magnetic susceptibility of MP35N alloy is much higher than other non-magnetic
alloy [16], which made it less favorable in construction a cell for SQUID magnetometer.
High purity CuTi alloy with 3 wt% was reported with lowest magnetic susceptibility among
the candidate alloys so far [21]. The susceptibility of diamagnetic copper component and para-
magnetic component titanium almost cancel out in the alloy. The definitions of diamagnetic
and paramagnetic are explained in chapter 3. The susceptibility of this alloy is reported with
3× 10−9 emu/g at room temperature, 8× 10−8 emu/g at 1.8 K [18]. The susceptibility of this
11
Literature Review
alloy increase at low temperature was believed caused by the impurity. The tensile strength is
between 680∼1000 MPa based on mechanical treatment. Again, availability issue is the main
disadvantage as this alloy is not widely commercialised as BeCu. The strongest and most pure





































Figure 2.2: The magnetisation of KSI5-5-3 for several temperatures, the inset shows the tem-
perature dependence of the magnetisation at B=0.01T, superconducting phase
transition occurs at 2.5K. [18]
A β phase titanium alloy KS15-5-5-3 reported by Kamishima and co-workers [18] is a good
candidate material because this alloy is extremely pure without ferromagnetic component. The
magnetic susceptibility is closed to 3.03×10−2 (mJ/Tg)/T at 3 K and almost featureless at broad
temperature range (Figure 2.2). For convenience, the magnetic unit is converted to ‘emu/g’ then
the number is 3.03×10−6 emu/g. The tensile strength is 1.76 GPa after mechanical rolling and
heat treatment, which is higher than harden BeCu alloy. The main problem is that the material
experiences a superconducting phase transition at 2.5 K when external magnetic field is applied.
Therefore, this alloy is unable to use for magnetic measurement below 2.5 K. In addition, the
common shortcoming of Titanium alloy is that the alloys tend to be brittle at low temperature,
which makes the titanium alloy less favorable for cryogenic instrumentation.
Recently, high strength engineering plastic material start to be used for building high pressure
cells [8, 23]. Engineering plastic is a valuable potential material for high pressure engineering
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in magnetic measurement. Particular in diamond anvil cell which does not require much load
to applied high pressure on tiny sample. Chapter 7 presents our progress in constructing a DAC
from engineering plastic which enable the high pressure ac susceptibility can be measured in
the SQUID magnetometer directly.
2.1.2 Cylinder type high pressure cells for SQUID magnetometer
Figure 2.3: The design of the pressure cell reported by Reich and Gordin [24]. Sample and a
Pb manometer was loaded into the cell and immersed in the liquid gallium pressure
medium, the dimensions are in mm. Figure was redrawn, not to scale.
Early pressure cells for SQUID magnetometer were built as cylinder type. This type of pressure
cell is very simply to fabricate and with large sample volume. Most of cells were with pressure
limit no higher than 1.2 GPa. The first high pressure cell made for the MPMS SQUID magne-
tometer was reported by Reich and Godin [24] in 1996. The cell was made of titanium alloy
(Ti-6Al-6V-2Sn) and only simply consists of two parts, a single cylinder cell body and a closed
nut (See Figure 2.3). It is named as miniature cell as the overall diameter is 7.7 mm and overall
length is only 41 mm. The maximum pressure was reported about 0.4 GPa by solidifying the
pressure medium liquid gallium at liquid nitrogen temperature. This cell had been used to in-
vestigate the influence of the pressure on ceramic superconductors HgBa2Ca2Cu3O8+x(1223)
compound. The superconducting temperature of this material was found increased from 133 K
at ambient pressure to 136 K at 0.4 GPa pressure. The pressure was measured by spotting the
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superconducting transition temperature Tc of Pb manometer. The manometer technique was
proposed by Eiling and Schilling [25], which used the shift of superconducting transition tem-
perature Tc of Pb, Sn and In to calibrated the sample pressure. These elements are widely used
in the high pressure cell for magnetic measurement because of the accuracy and convenience,
therefore they are often called manometer in the high pressure society. The detail of this tech-
nique is further explained in chapter 4, equation 4.25. As the pressure generation of Reich’s cell
is uncontrollable by this setting, piston-cylinder cell are more commonly used in the following
designs.
Figure 2.4: (a) Schematic of the cell reported by Diederich et al [26], which is made of BeCu
alloy with 210 mm overall length; (b) Kamishima’s cell [18], made of KS15-5-3,
overall length is 120mm. (Figures were redrawn, not to scale).
Figure 2.4(a) shows a typical piston-cylinder high pressure cell developed in 1996 for SQUID
by Diederichs et al. [26]. The pressure of this cell is created by applying the load to the pusher
which is inserted into cell through the hole on top. The load is transfered to the piston seat then
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finally to the sample. External load is generated a hydraulic press. In the meantime, the hollow
retaining screw is tightening into the cell body to lock the advance of the piston to lock the
pressure. When desired pressure is achieved, the cell can be removed from the press and insert
into the SQUID magnetometer for measurement. The body of the cell is a long cylinder which
is made of BeCu alloy. The highest attainable pressure was reported 1 GPa with Flourinert
FC 75 pressure transmit medium. A pair of quartz spacers are used to pressurised the sample
directly. This layout keeps the sample away from the ends of the cell. which yields a more
symmetric distribution of the magnetic background signal. Sealing mechanism of this cell was
not mentioned in the paper. The pressure was found able to be calibrated by measuring the
extension of the overall length of the cell through an optical micrometer at room temperature.
Combining with the Tc measurement of a Pb manometer, the pressure and the extension of
the cell body is liner related as 42.2 µm/GPa, which enables the pressure can be approximated
at room temperature through measuring the extension of the cell body only. The cell was
used to measure the magnetic susceptibility of Rb3C60 sample under pressure in the SQUID
magnetometer. The magnetic susceptibility of this material was found decrease under pressure
both at 50 K and room temperature.
Figure 2.5: Schematic drawings of micro high pressure cell [27, 28].
Figure 2.4(b) shows an improved design reported in 2000 [18]. The cell was made of tita-
nium alloy (KS15-5-3) which shows desirable temperature-independent magnetisation curve as
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shown in Figure 2.2. This alloy is with low magnetisation and high material strength in com-
parison to BeCu alloy. The ceramic (Zirconia) piston is with lower magnetic background if
compare to quartz piston used in the earlier design [26]. Therefore the sensitivity of this cell is
increased with these measures. PTFE capsule was used to contain sample and liquid pressure
medium. Cu rings were used for extra seals to prevent leakage and extrusion. The pressure
range of this cell is 1 GPa and Sn manometer is used for pressure calibration. The cell had been
used in measuring the pressure effect on the one-dimensional antiferromagnet Ni (333-tet) (µ-
NO2)×(CIO4) which is with small magnetisation. The main shortcoming of this cell is that it
is unable to use at temperature below 2.5 K which is the superconductivity temperature of the
titanium alloy in used. A similar BeCu version piston-cylinder cell for MPMS was commercial
available from easyLab [29] since 2004, the working principle of the cell is the same with cells
reviewed above but pressure capability was increased to 1.2 GPa. Researchers can purchase
this pressure cell commercially rather than manufacturing in-house.
A series of short version of piston-cylinder cells were reported by Umehara et al. [27] in 2004
and Uwatoko et al. [28] in 2005 (Figure 2.5). These cells were designed to measure the mag-
netisation of CeAg sample in MPMS and the specific heat of the sample through standard
adiabatic method. These cells were named as micro high pressure cell due to the length of the
cell was minimized to 21 mm which is the shortest piston-cylinder cell to date. These cells
were made of harden BeCu alloy and the highest pressure was achieved 2 GPa in one cell with
2.5 mm diameter bore. Sn manometer was used for pressure measurement.
Figure 2.6: Schematic drawing of high pressure cell for MPMS designed by Kamarád and
co-workers [30]. The cell is with 2.5 mm bore and outer diameter 8.6 mm; (1)
upper clamping bolt, (2) plug, (3) seals, (4) sample on holder, (5) cell body, (6) Pb
manometer, (7) piston with Bridgeman mushroom-type seal, (8) piston backup, (9)
lower clamping bolt. The figure was redrawn, not to scale.
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Figure 2.7: Temperature induced pressure variation in the clamped cell reported by Kamarád
et al.[30].
Figure 2.6 shows the schematic drawing of different piston cylinder cell reported by Kamarád et
al. [30] in 2004. The cell was made of BeCu alloy with 2.5 mm internal diameter and 8.6 mm
external diameter with pressure limit up to 1.2 GPa. Hydraulic press was not needed in this
design as pressure is generated by tightening the clamp screws manually. The sample and pres-
sure medium can be loaded directly into the cell without capsule as the Bridgman mushroom
seals are used to seal the moving piston at high pressure. The Bridgman mushroom seals will
be further described in Chapter 4. As there is no magnetic signal from the PTFE capsule, the
sensitivity and sample volume of the cell can be increased. Lamé equations were found can
be used to approximate the pressure inside cylinder body at room temperature by measuring
the radial expansion of the cell body and calibrated the Pb manometer. The cell had been used
to study the temperature induced pressure changes from 350 K down to 5 K using different
pressure transmitting media like Daphine, Oil OL3 and FC77 as shown in Figure 2.7. Pressure
variation at low temperature is a common senario for low temperature measurement and can be
significant for piston-cylinder cell due to the difference in thermal expansion coefficients of the
alloy and the pressure transmitting media.
Kamenev et al. [31] reported a long symmetric high pressure cell (Figure 2.8) for high pressure
magnetic measurements on a molecular antiferromagnet compound [N(C2H5)4][FeCl4] up to
1 GPa. The cell body is made of BeCu and the pre-stressed technique (double layer with
interference fit) was used in constructing the cell to improve the stress distribution on the cell
body. The working principle of this cell is similar to the last design [30]. Pressure is generated
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Figure 2.8: (a) photograph of the high-pressure cell at ambient pressure (bottom) and top pres-
sure (top); (b) Drawing of the cell with the distance between the pistons shown for
the top applied pressure. Figures from Kamenev et al. [31]
by tightening the clamp screws to applied load to the sample. However, the sample volume is
greater than Kamarád’s cell as the cell was made much longer. The fully symmetrical layout
of the cell was turned out to be very beneficial on the background correction and improve
the sensitivity of the measurement, which allows sample with low magnetic susceptibility to
be measured under high pressure. As the sample has a transition into an antiferromagnetic
(AF) phase at TN=3.0 K, which is lower than the temperature of the superconductive transition
of manometer Pb (Tc=7.20 K), Sn (Tc=3.20 K), or In (Tc=3.40 K), using the manometer for
pressure measurement will create significant background and and screens the sample signal.
Therefore, Lamé equations were used to calculate the pressure at room temperature then the
pressure was further calibrated with manometer Pb to obtain the pressure variation information
at low temperature.
In 2008, Sanchez-Benitez et al. [32] reported a piston-cylinder cell with a plug for in situ pres-
sure measurements with feed-through wires connected to a manganin pressure sensor which has
a known pressure dependence of electrical resistivity (Figure 2.9). It provided a mean to moni-
tor pressure continuously during magnetisation measurements in MPMS. The true pressure can
always be established in the range of temperature in this cell.
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Figure 2.9: (a) Assembled pressure cell attached to the MPMS sample rod through and adapter
with a 4-pin socket mounted on it; (b) cross sectional view of the assembled pres-
sure cell. Figures from Sanchez-Benitez et al. [32]
2.1.3 Opposed anvil cells for SQUID magnetometer
Because of the strength limitation of the non-magnetic materials, higher pressure range (greater
than 2 GPa) requires the use of opposed anvil cells which was pioneered by P W Bridgman [34].
This opposed anvil technique will be further introduced in Chapter 4 and DAC is one of the most
popular opposed anvil cell. Limited sample volume in the opposed anvil cells is the major dis-
advantage for magnetisation measurement in the MPMS. To employ this type of high pressure
cell in magnetic measurement, efforts is required on minimising the magnetic background of
the cells as much as possible. Accordingly, increasing the sample volume to contain more sam-
ple is another development direction. Progress is started at beginning of 21st century by Mito
et al. [33]. They developed the first miniature diamond anvil cell (mDAC) for the MPMS in
2001 as shown in Figure 2.10. The cell was made from BeCu alloy with tilt adjustments of
the anvil. Pressure in this cell was calibrated by measuring the TC of Pb and ruby fluorescence
method [35]. This cell had been used to perform a high pressure research on f-electron ferro-
magnetic compound GdZn2 up to 4.9 GPa at 20000 Gauss magnetic field. The sensitivity of
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Figure 2.10: Schematic drawing of the mDAC [33]
this cell is around 10−6 emu.
Kobayashi et al. [36] developed a ZrO2 (Zirconia) opposed anvil cell for SQUID magnetometer
in 2007 (Figure 2.11). The cell seems like a combination of piston cylinder cell and opposed
anvil cell. The cell body was machined from BeCu alloy. Zirconia anvils were used in the cell
as its magnetisation is negligible if compared the the measured sample. Thick gasket was used
and it was made of NiCrAl. The high strength gasket enables the cell to contain greater initial
sample volume with 1 mm in diameter and 1 mm in thickness, the sample volume reaches
0.3 mm3 which can compensate the strong background signal from the NiCrAl gasket. As
background signal from the gasket cannot be overlooked, the background correction of the
measurement is necessary for this cell. The magnetisation of the NiCrAl alloy was found
depends on the aging temperature and time. 700 ◦C×2 h was recommended the optimal aging
condition because this heat treatment provides the alloy with a small, linear magnetisation
which is preferable for the background subtraction. The major shortcoming of using ceramic
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Figure 2.11: Cross-sectional view of the Kobayashis cell [36]. (Redrawn, not to scale)
anvil is that the pressure measurement method is limited to the manometer method as of the
anvil is not transparent. Therefore, pressure inside the cell is only measured by superconducting
transition of the manometer inside the sample. This cell had been used to gather high pressure
magnetisation measurement data of UIr sample up to 4 GPa.
NdRhSn single crystal was found with huge anisotropy of magnetic interactions, Kamarád et
al. [37] had designed two miniature uniaxial pressure cells for magnetic and neutron-diffraction
studies of this crystal in a SQUID magnetometer and in a neutron diffractometer respectively.
The schematic drawing of the uniaxial pressure cell for SQUID magnetometer is showed in
Figure 2.12. The oriented sample is closed by two ZrO-ceramic anvils. The uniaxial force
applied on the sample is produced from a set of CuBe bellville springs. Each set of the springs
is inserted into a thin-wall tube and fixed to the cell-squeezing screw. This springs system was
calibrated by compressing it using a precision load transducer in advance. Users can determine
the actual force acing in the cell directly from the calibration curve and a measured elastic
compression of the springs system inside the cell when tightening the squeezing screw.
A break through DAC design was reported by Alireza and Lozarich [38] on 2009. This DAC
(Figure 2.13) can be considered as a modified version from the previous ceramic anvil cell [36].
Instead of ceramic anvil, diamond anvils were used. The DAC was made from high purity CuTi
alloy which has ultra low magnetic susceptibility. Pressure is generated by tightening the screw
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Figure 2.12: Schematic drawing of uniaxial pressure cell for MPMS designed by Kamarád et
al. [37]. (1) CuBe squeezing screw, (2) set of the Belleville springs, (3) cell body,
(4) ZrO anvils, (5) CuBe fixing screw. (Redrawn, not to scale)
so the hollow pistons push the anvils toward each other to compress the sample in the gasket.
The hollow piston provides an optical access for pressure measurement by ruby fluorescence.
Alignment mechanism is highly depends on the machine quality of the cell and the anvils sur-
face. The cell material around the sample is removed to further reduce the magnetic background
signal from the cell. Apart from that, the cell body was electro polished and kept free as possi-
ble of magnetic containment. As a result, the sensitivity of this cell reach as high as 10−7 emu
in the experiment. The cell is capable to detect the magnetic features of phase transitions in the
weakly magnetic samples based on its extremely low magnetic background. The ferromagnetic
transition of Cu2Ru2O4 and CoS2 were seen clearly at high pressure even without background
subtraction. In addition, antiferromagnetic transition of the CePdGa6 material was detected at
4.5 GPa with the background subtraction and a pair of diamonds with larger culet diameter of
900 µm were used to increase sample volume. In the experimental test, the cell was capable
to achieve above 14.2 GPa at room temperature with a pair of 800µm culet diamond, and the
sample size is ∼ 200×180×60µm3.
An extremely small turnbuckle magnetic DAC (TM-DAC) for MPMS was developed in our
group [11] in 2010. As shown in Figure 1.2, the cell is 7 mm long and 7 mm in diameter
and weight only 1.5 g. The cell is made of BeCu alloy and only consisting of a counter-
threaded cylindrical body and two anvil supports which are identical but with external threads
cut in opposite direction. The load on the diamond anvils and the sample between them is
generated using a hydraulic press. The load is then locked by rotating the buckle cell body
with respect to the anvil supports. No particular holder is needed for the cell as it can be
loaded into a standard plastic straw holder (as shown in Figure 1.2). It is capable of achieving
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Figure 2.13: Schematic drawing of the diamond anvil cell designed for MPMS reported by
Alireza and Lozarich [38]. The cell is 8.4 mm in diameter and 64 mm in length.
pressure in excess of 10 GPa while allowing measurements to be performed with the maximum
sensitivity (10−8 emu) due to the tiny size of the cell and the symmetric layout. The cell
had been successfully used to perform high pressure magnetic study on Mn3[Cr(CN)6]2·H2O
Prussian blue analog up to 10.3 GPa.
Most recently, during 2011 and 2013, a serial of cells called miniature ceramic anvil high
pressure cell (mCAC) were developed by Tatewia and co-workers [39–41]. As shown in Fig-
ure 2.14, these cells are based on the previous cell reported by Kobayashi et al. [36] with several
improvements. The unique feature of this cell is that the anvil was made of non-magnetic com-
posite ceramic (FCY20A) [42]. This material is a mixture of Y2O3-partially stabilized zirconia
(ZrO2) and alumina (Al2O3) synthesized under high temperature and high pressure. The mag-
netization of this newly develop ceramic is comparable to the conventional zirconia but with 2
times higher fracture toughness (6.5MPa m1/2). The excellent property of this material allows
the cell can be machined without an anvils alignment mechanism. The latest version type C
is shown in the Figure 2.14, the BeCu piston was gradually replaced by the ceramic piston to
further reduced the magnetic background from the cell. BeCu gasket was used for lower mag-
netic background in comparison to Kobayashis cell [36]. The main advantage of such cells is
the cost effectiveness. The cost of the ceramic anvil was claimed 10 times lower than diamond
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anvil but with the same pressure performance. Maximum pressure was reported up to 13 GPa
with 500 µmm culet anvils and a rhenium gasket. The sample volume can be increased with
cupped ceramic anvils (1 mm culet) and pressurised up to 5 GPa.
Figure 2.14: Cross-sectional views of the miniature ceramic high pressure cells [39–41]
2.1.4 Discussion
After reviewing all existing high pressure cells developed for magnetic measurements in the
MPMS SQUID magnetometer, there is a trend that the opposed anvil cell (mostly DAC) are
become more and more popular in this field based on the following reason. The DAC is three
to four orders of magnitude smaller but able to generate static pressure much higher than the
piston-cylinder cell. In most scenarios, the excellent sensitivity of the SQUID magnetometer
can pick up the sample signal even though the available sample volume is very limited in a DAC.
Apart from that, the DAC is much easier in design, fabrication and operate. More importantly,
in the event of failure the DAC is completely safe to the users. In contrast, great attention must
be paid to the safety protection for massive hydraulic pressure cylinder.
There are three aspects listed below that the existing high pressure instrumentation for MPMS
SQUID magnetometer had not been involved. First, the minimum controllable pressure of the
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piston cylinder type cell is above 100 MPa for piston cylinder cell. The conventional piston-
cylinder cells are very inconvenient for investigating the materials which are extremely sensitive
to pressure. Such as the magnetisation of the material can be tuned greatly by the pressure in
10 MPa scale. Second, the lowest temperature limit of the MPMS SQUID magnetometer is
2 K. There is a recently developed add-on 3He system [43] to extend the temperature range
of the SQUID magnetometer to further down to 0.05K. However, the space inside this add-on
system is even more limited (diameter smaller than 6 mm). Because of this, there is no high
pressure instrumentation work have been carried out for this system so far. Therefore, high
pressure magnetic measurement at sub-K temperature range in the MPMS is still very difficult.
Last, even though the SQUID magnetometer is capable to measure ac susceptibility, all the high
pressure cells reviewed so far are only compatible with dc magnetic measurement because the
conventional cells are made of metallic materials which are not usable in ac magnetic field.
The solution of these issues are provided in this document, and the progressive works will be
presented specifically from Chapter 5 to Chapter 7. All the developed instruments were tested
extensively and their effectiveness have been proven in magnetic measurements.
2.2 Sapphire cell
Figure 2.15: Maximal pressure versus available sample volume in Diamond and sapphire
anvils cells [44]
The nomenclature of sapphire cell is divided to two categories in this section, the opposed
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sapphire anvil cell and sapphire window cell, which are both related to the high pressure cell
presented in Chapter 9. Sapphire have been used in fabrication of high pressure instrument
because of the following advantages. Sapphire is transparent in wavelength range from ultra-
violet to the infrared (144 nm - 6 µm) [45], which is a very welcome characteristic for optical
measurement. Apart from that, sapphire is preferable for neutron scattering due to the fact that
large gems (typically 10 mm diameter) are commercially available with trivial cost [46] if com-
pare to diamond. For opposed anvil cell, the larger sapphire anvil allow more sample volumes
which can be orders of magnitude larger than traditional diamond anvil cell. The disadvantages
of sapphire is also very clear, it is brittle and fragile which limit the pressure capability. There-
fore, for the opposed anvil cell with pressure capability below 10 GPa, sapphire anvil cell is
very cost effective. There are vast number of sapphire anvil cells and sapphire window cells,
which have been reported during the past two decades. This section would only review two
types of sapphire cells, the sapphire anvil cell with spherical anvils and the recently developed
high pressure cells for SANS experiment. These high pressure cells specifically developed for
the SANS experiment are called SANS cell in this document.
2.2.1 Spherical sapphire anvil
The pressure performance of sapphire anvil cell and diamond anvil cells are mainly rely on the
sample volume (or culet size) as shown in Figure 2.15. The pressure performance generally de-
creases when sample volume is increased. Highest pressure in sapphire anvil cell was reported
up 15 GPa for a sample volume less than 0.01 mm3 [44]. In most sapphire anvil cell, the anvil
is ground from a cylindrical sapphire to formed conical head with a small culet based on tradi-
tional Bridgman anvil shape. Spherical sapphire anvil was found a much more economic and
convenient to be used as anvil because the sapphire ball is a standard industrial product which
has been massively produced. As a result, the price is almost negligible, the largest standard
size 3/8 inch (9.53 mm) cost less than 30 pounds. In addition, the sapphire ball can be formed
to anvil very fast by polishing a small compression face (culet) on it. A parallel face can be
polished at the opposite size for observation. The pressure performance of the spherical anvils
can be comparable to the conical anvil, the highest pressure of spherical sapphire anvil was
reported 12 GPa [45].
Self-alignment is an another advantage of spherical anvil based on the spherical backing sup-
port [45]. One anvil can glued into the spherical support with approximate alignment from
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Figure 2.16: (a)Schematic drawing of the cell reported by Kuhs and co-workers [47–49]. (b)
The enlarged view of the anvils and support.
the cell, the other anvil was then inserted and culets were broght into contact. This process
would rotates the second anvil and the culet face will be parallel aligned by its own. Impurity
of Cr3+ in the commercial standard sapphire ball could lead to interference if ruby fluorescent
method [35] was used in pressure measurement. High focalised laser beam is needed to avoid
the interference.
Figure 2.16 shows the first high pressure cell equipped with spherical sapphire anvils reported
by Kuhs et al. [47] in 1989. The cell was designed for work on four-circle diffractometers
equipped with an Eulerian cradle and the cell had been test with pressure up to 2.5 GPa. The
central optical assess through the cell allows users observing the sample during the high pres-
sure experiment and measure the pressure by ruby fluorescence method. The cell is loaded
manually by turning the screws on the top of the cell which had not been shown in the figures.
The cell had been used in high pressure in neutron diffraction on normal and deuterated ice
VI. Later in 1996, the cell with an improved data collection software was tested in both X-ray
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Figure 2.17: (a) The construction of the cell and a hydraulic actuator; (b) The spherical sap-
phire anvil with a flat compression face and an optical window face on top. Fig-
ures from [45].
and neutron diffraction up to 3 GPa [48] under the temperature range from room temperature
to a few K. The quality of test data is comparable to the existing Merrill-Bassett cells system.
The cell had been further used in single crystal experiments on H2O and D2O ice VI and KDP
(KH2PO4). The measurement data of KDP sample within this cell was published in 1998 [49].
As shown in Figure 2.17, a more compact sapphire anvil cell with spherical sapphire anvils was
reported by Takano and Wakatsuki [45] in 1991. The operation of the cell is more delicate as a
hydraulic system was incorporated into the cell. The load applied on the anvils can be monitored
in the hydraulic system. This cell is specifically developed for the optical and spectroscopy
study which is less demanding for sample volume. Therefore, the pressure performance of this
cell was much higher based on the smaller culet and thin gasket. The highest sample pressure
was achieve 12.6 GPa with 1.26 ton load and the sample volume was approximately 0.01 mm3
(as shown in the Run No.1 in Figure 2.18). The pressure is the highest record in the existing
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sapphire anvil cells with spherical anvil. There was a simple sapphire ball cell developed for
ultraviolet study in 1992 by Daniels et al. [50]. As the pressure range of that cell is limited, the
construction would not be further reviewed.
Figure 2.18: The test data from Takano and Wakatsuki [45].
2.2.2 SANS cell
Small-angle neutron scattering (SANS) is an experimental technique that uses elastic neutron
scattering at small scattering angles to investigate the structure of various substances at a meso-
scopic scale of about 1 - 100 nm. For example, SANS can be used for observation of vortices
in superconductors [51], combining extreme sample environment of high pressure and mag-
netic field. The pressure-dependent studies of material through SANS is increasing recently.
However, only a few pressure cells had been developed for SANS so far. Most experiments
are within this subjects as soft condensed matter research or biology system, which normally
required moderate pressure environment (100 MPa to 1 GPa). Instead of pressure capability,
sample volume is the main requirement for most SANS experiment. Traditional piston-cylinder
cell had been used for the SANS experiment [52], but the sample signal was found not satis-
factory because the neutron beam needs to go through the cell body for scattering. The micro
structure of the alloy such as precipitations, grain boundaries can interfere the measurement
result greatly. To avoid the problem, most existing SANS cells are used large sapphire window
in the pressure cell fabrication [53–58]. The maximum pressure of these sapphire windows
can hardly achieve beyond 500 MPa which is the major shortcoming of the window cell. Fig-
ure 2.19 shows the basic working principle of these cells. The sample is located between two
sapphire window, and pressure is generated by an external pressure generator. The incoming
neutron beam would go through the windows and hit the sample then scatter with a small an-
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gle. A detector on the opposite side would collect the scattering data for further analysis. As
these designs are conceptually similar, only the most recently build sapphire window cells are
reviewed [57, 58].
Figure 2.19: Schematic diagram of common setup of high pressure sapphire window cell for
SANS [58].
Figure 2.20 shows a window cell reported by Gabke et al. [57] in 2005, which follows the
typical layout of the sapphire window cells. Two 10 mm thick sapphire windows are enclosed
in the cell to form a disk-liked sample chamber and windows are locked in the position by two
backing nuts with central holes, these holes is for the incoming and scattering neutron beam.
The sample is injected into the sample chamber through a side hole and pressurised by an
external hydraulic compressor. Maximal pressures of about 300-400 MPa were reported in this
cell. A circulating water system is included to control the temperature of the cell.
Figure 2.21 shows a bigger window cell built by Kohlbrecher et al. [58], which is with a more
sophisticated set up. The sapphire windows are much larger than earlier version, 62 mm in
diameter and 35 mm thick. The sample volume can be 1.5 cm3 which is highest in the existing
SANS cells. In addition, the pressure performance was increased to 500 MPa. The fluid sample
is pre-loaded in a sample container which consists of two smaller sapphire plates and a pair
of Viton O-ring. By this setting, sample and hydraulic fluid from the external compressor are
separated during the pressurisation. This measures can effectively prevent the contamination
issue which is important in Biology research.
Apart from the sapphire window cell, there is only one SANS cell [59] adopted the opposed
anvil technique. Figure 2.22 shows the section view of the cell. Anvils are 30 mm in base
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Figure 2.20: Gabke’s SANS cell, (1) body, (2) closure nut, (3) sapphire windows, (4) sample,
(5) Vilton O-ring seal, (6) water circuit, (7) high-pressure [57].
diameter and 20 mm high, both are shaped in to a truncated cone with a large culet (14 mm
in diameter). Thick and large gasket were used to increase the sample volume as much as
possible. A hydraulic system was incorporated in the design for applying load. The pressure
performance of the cell was slightly higher than the window cell. Highest pressure was reported
530 MPa by applying 15 tonnes load on a BeCu gasket with 1.8 mm thick and a 4 mm diameter
sample hole. The pressure rang of this opposed anvil cell is obviously much lower than the
conventional sapphire anvil cell because of the sample volume is the main consideration. The
thick gasket and large culet would cause the pressure generation efficiency much lower and the
anvil would failed before pressure reached higher value.
2.3 Finite element analysis for high pressure engineering
This section introduces the existing literatures of high pressure instrumentation involving FEA
method. FEA method was firstly developed in 1956 [12] and stared to be used in high pressure
instrumentation since 1980s following the developing of computer science. At the beginning,
FEA is mainly used to optimising the geometry of diamond anvil to improve its pressure per-
formance and extend its working life time. The FEA method allows the researchers to assess
the anvil in a fast, economic and non-destructive way. The stress and deformation patterns of
the anvil under load can be simulated in a computer without risking the real diamonds in a
actual failure test. It is used more widely in the high pressure community in all sorts of high
pressure cell development nowadays. This section starts from the FEA on DAC and then move
31
Literature Review
Figure 2.21: Kohlbrecher’s SANS cell [58], (1) sapphire window, (2) sample cell, (3) colling
jacket, (4) tie rods, (5) cell body, (6) hydraulic oil inlet, (7) heater holes, (8)
metal seal, (9) Viton ring, (10) sample chamber, (11) sapphire plate, (12) sapphire
window, (13) brass ring with holes. Figure from [46].
to other high pressure cell developments which involve FEA method. All the literatures are
review chronologically. The methodology of the FEA is further introduced in Chapter 4.
2.3.1 Finite element analysis on DAC
Adam and Shaw [60] performed the first FEA study in diamond anvil cell on 1982. The au-
thors considered three stress tensors can originate the failure based on simulation result and the
observed failure mode in high pressure experiments. First, the largest compressive and shear
stresses around the culet caused the plastic flow starts there, as had been observed. Apart from
that, the largest tensile stresses at the base, above the unsupported light port are vital as brittle
material is liable to fracture in tension which was called basal radical crack. On the other hand,
ring crack on the diamond is caused by the tensile radial stress. The study also showed two
feasible ways to reduce the basal tensile stress, using bigger height to base ratio and harder
support. Based on the this simulation result, optimisation study of the cell was carried on by
Adam et al. [61] later in 1992, basal tensile stress can be minimized if the support conical light
port is made with semi-angle between 25 and 30 degree.
One shortcoming of these early FEA studies [60, 61] is that the models were over-simplified.
The FEA models was simplified to two parts: diamond and support in a axi-symmetric manner.
Various loads depicted in Figure 2.23 were used to mimic actual pressure distribution. The
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Figure 2.22: Partial cross section of the Bonetti’s SANS cell. C: steady cylinder; P: piston sup-
porting the moving anvil; SA: sapphire anvils; G: gasket; S: anvil seat; PM:piston
of the pressure intensifier;C-PM: cylinder housing of the piston PM; Po-W: port
for pressurized water; Po-N: port for pressurized nitrogen. (Figure from [59])
tensile stress at the base was turned out to be insensitive to the changes in the stress distribution
at the culet in the view of that the basal region under tension are far from the culet, which is
consistence to Saint-Venants principle in theory of elasticity [62]. The limitation of this FEA
model is clear, the stress distribution on the culet would not be accurate enough to analysis the
failure on the culet area because the effect of the plasticity flow of the gasket and sample were
not considered. As a result, shear stress induced by gasket flow was unable to be accounted in
the simulation. Therefore, these studies only limited to analyses of the destructive tensile stress
at the bottom of the diamond anvil.
In the application of DAC, beveled diamond anvil was found outperforming the non-beveled
ones. To investigate this, Bruno and Dunn [63] create a FEA model as shown in Figure 2.24
to study the stress pattern of the beveled diamond anvil. The model included a diamond and a
metal gasket. A uniform pressure of 2.07 GPa is applied on the table of the diamond to mimic
the load which corresponds to a pressure on the centre of the culet around 20 GPa. Different
stresses on the culet of the anvil were studied, including axial compressive stress, compressive
radial stress, compressive hoop stress and shearing stress. The author considered that the high
shear stress was the main reason of chipping at the edge of the anvil. The use of beveled
angle can effectively moderate the shear stress concentration and the optimised bevel angle was
considered to be around 15 degree. The loading conditions of this FEA model is much closer to
the reality as gasket was included in the model. However, there are two settings in this model
which can result in unrealistic stress pattern. First, all the materials in the FEA model were
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Figure 2.23: Different loading scenario in the FEA model created by Adam and Shaw [60]. In
each diagram (a), (b), (d) and (f) is shown: (i) the chosen applied pressure; (ii)
the actual applied pressure; and (iii) the load (kN) assigned to each node by the
programme. For (c) and (e), the point loads are not shown. The detail of these
load types are listed in ref [60].
presumed to be perfectly elastic. This presumption is only justified for the diamond as diamond
is extremely hard without obvious plasticity under load. On the other hand, the metal gasket
doesn’t possess the same characteristic as diamond. The plastic deformation of the gasket
would be significant during the pressurisation stage. Secondly, perfect cohesive interface was
applied between the anvil and gasket, which is not close to reality as the gasket could flow
and the surface of the gasket can move. The frictional contact should be more reliable for
simulation. The main reason of these two simplification is that the early FEA program cannot
cope with the material non-linear calculation. The absent of accurate modeling of the gasket
behaviour would result in the shear stress caused by gasket flowing is not taken in account,
which could lead to shear analysis from the model is not reliable.
Later in 1986, another FEA study on the diamond anvil was reported by Moss et al. [1]. The
study focused on investigating the stress pattern of the diamond anvil which was tested under
ultra high pressure range (above 100 GPa to 450 GPa).The model is shown in Figure 2.25 which
includes a diamond and a gasket. Sample was not considered in the FEA model as in the high
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Figure 2.24: Finite element model of diamond anvil and metal gasket [63]. It is comprise of
quadrilateral and triangular axisymetric elements in the r-z plane defining the
cross section of a brilliant-cut diamond anvil and a metal gasket. A uniform
pressure is applied along the top surface of the diamond.
pressure experiment, no sample was loaded apart from tiny ruby powder was spread on the
culet to measure the pressure distribution. The solid gasket was equivalent to a hard sample.
The FEA model was constructed as axi-symmetric and a symmetry boundary was applied on the
neutral plane of the gasket. Both plasticity of the gasket and frictional interaction between anvil
and gasket was considered in the model because the authors used a more advanced FEA codes
called NIKE2D [64]. This finite element code is capable to solve highly non-linear simulation
in both static and dynamic condition. For large deformation simulation, the included re-zoning
function can automatically re-mesh the over-distorted elements which usually terminates the
calculation in common FEA codes.
To demonstrate the important of the gasket material definition in FEA simulation, Moss et
al. [1] compared the experimental data to the simulation results from a model with elastic
properties only (elastic model) and a model with elastic-plastic and frictional contact properties
(improved model). As demonstrated in Figure 2.26, the calculated axial stress distribution
from improved model is close to the experimental data. In contrast, the elastic-model was less
accurate as the axial stress was change much more abruptly. This result proved that the gasket
(plasticity) has an critical effect on the stress state on the culet area. The gasket plasticity
can smooth the axial stress and would affect the shear stress significantly. Also, symmetric
model was proof an effective way to provide simulation result with high accuracy and can save
calculation time. The study indicated two ways to improve the pressure performance of a DAC.
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Figure 2.25: The computational mesh for the diamond with follow culet geometry, 25 µm ra-
dius central flat, 5◦ bevel angle and 150 µm radius culet [1].
First, using a gasket made of high yield strength alloy and with good ductility. Second, applying
double bevel angle on the culet. These measures were proved experimentally in a successful
460 GPa ultra-high pressure testing in which a gasket made of tool steel with 2.5 GPa yield
stress and double beveled anvils were used.
In the later analysis of anvil failure [65] in 1987, the authors considered the diamond anvil
failure was related to the ‘cupping’ deformation. Sample was included in the FEA model for
the failure analysis in this study. They found the culet of the diamond deformed in a ‘cupping’
manner after the bevel was flatten on the working area at high pressure (See Figure 2.27). The
diamond tips would eventually contact at the annulus of the outer culet edge then failed. Apart
from that, the simulation showed the beveled angle on the culet can delayed this cupping de-
formation which is believed the main reason of beveled anvil outperforming at higher pressure.
The cupping deformation of diamond anvil was verified experimentally by synchrotron X-ray
imaging on 1997 [66]. A follow FEA stress analysis carried by Merkel et al. [67] in 1990s also
confirmed the cupping profile on the culet of the diamond anvil in ultra high pressure condition.
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Figure 2.26: Comparison of the computational result of the elastic model and the improved
FEA model, and the experimental measurement. [1].
2.3.2 Other studies
Apart from the diamond anvil, FEA started to be used to analyse the toroidal anvil from 1980s.
Toroidal anvil cell was invented in former soviet high pressure community and became a pref-
erential anvil type for neutron study after it was introduced into the western Europe. The most
significant feature of this type of anvil is that it allows large amount of sample can be pressur-
ized to 25 GPa routinely with relative small applied load. Levitas and Dushinskaya [68] from
USSR first computationally calculated the stress distribution in the deformable gasket used in
toroidal anvils. The computer program was coded Ductility which was based on constructing
slip line fields in plasticity instead of finite element method. To improving the pressure perfor-
mance of the toroidal anvil, stress analysis through FEA method had been performed by many
researchers [69–72]. In addition, FEA has been used to analyse the multi-anvils pressure cell
recently [73–75].
For the conventional piston cylinder cell, even though the thick wall theory can be used to
calculate the stress of the cell, the design process still can be tiresome particular for the case
of pre-stressed method. The FEA method can help shorten the design process as the design
can be virtually tested before manufacture. For example, a large volume two layered piston-
cylinder pressure cell was recently developed for neutron scattering experiment [76]. The FEA
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Figure 2.27: Figure (a–c) is calculated deformation of the double bevel culet diamond anvil
from a FEA model with follow parameters, 25 µm radius central flat, 5◦ bevel
angle and 150 µm radius culet. (a) Configuration at P=0; (b) deformation at the
onset of cupping P=130 GPa; (c) cupped culet at P=170 GPa. (d) The experimen-
tal culet deformation at P=170 GPa using a high yield strength gasket, the final
gasket is slightly thicker than the simulation result (c) at the same pressure. [65].
method had been used in designing and optimising the cell, the stress distribution was much
more intuitive as shown in Figures 2.28.
In 2012, Ma and co-workers [77] introduced FEA method in a study of the elastic plastic in-
terfaces of autofrettaged thick-walled cylindrical aluminum high pressure vessels. Neutron
diffraction technique was used to obtain the residual strain magnitude and the depth of the
plastic region to verify the previous analytical theory and the FEA model. The neutron exper-
imental results agree well with both the analytical and FE simulation result. The FEA method
was proven to be a practical and effective design tool in high pressure instrumentation work.
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This chapter is dedicated to introduce the MPMS SQUID magnetometer in a more detail man-
ner to provide basic understanding of the layout and working principle of this commercial
magnetometer. The two different measurement technique in MPMS, direct current (dc) and
alternative current (ac), are described in detail. A 3He cryostat add-on system (iHelium3) for
the MPMS is described at last. This introduction is based on the model MPMS-XL which was
used to verify our designs in this project.
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3.1 Introduction
As stated in Chapter 1, temperature (T), magnetic field (H), and pressure (P) are the three fun-
damental physical parameters in the investigation of the nature of magnetic interactions. The
intrinsic spin and orbital angular momentum of a material can be revealed through its magnetic
property measurement. Magnetic Property Measurement System (MPMSr) from Quantum
Design [3] is the most popular commercial magnetometer at the moment, its sensitivity can
reach 10−8 emu over a wide range of temperature (T) and magnetic fields (H). The high sensi-
tivity is based on the integrated superconducting Quantum Interference Device (SQUID). The
configuration of the system will be demonstrated in Section 3 in this chapter.
3.2 Magnetic susceptibility
The word ‘magnetic’ is usually used to refer to something that attract a piece of iron or a
permanent magnet. In fact, every material possess some kind of magnetic behaviour. The
‘magnetic’ behaviour described above is a particular type of magnetism called ferromagnetism
and it is only one of the many types of magnetism. The MPMS SQUID magnetometer can be
sued to measure the magnetisation (amount of magnetism) of a sample. By studying how the
magnetisation changes with temperature and how it changes with the magnitude of the magnetic
field which is applied to the sample, one can determine the type of magnetism and important
related parameters.
There are two main types of magnetic measurement. One is measuring the magnetisation of
a sample as a function of applied magnetic field, which is commonly referred as M(H). H
is the applied magnetic field which is the magnetic field applied to the sample. An M(H)
measurement is carried out by fixing the temperature T and measuring M at a series of H
value. The other type of measurement is measuring the the magnetisation of a sample as a
function of temperature, which is called M(T ). An M(T ) measurement is made by fixing the
applied field H and measuring M as a series of T value.
Magnetic susceptibility is the key parameters in the study of magnetic properties of materials.
The magnetic susceptibility χ represents the degree of magnetisation of an atom in an applied
field which is usually given by
χ = M/H (3.1)
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Where M is the magnetisation of an atom (the magnetic moment per volume), and H is the
external magnetic field. However, the equation 3.1 is only correct with certain types of mag-
netism, paramagnetism and diamagnetism. Paramagnetism is the simplest form of magnetism,
this kind of materials are attracted by an externally applied magnetic field, and form internal,
induced magnetic fields in the direction of the applied magnetic field. The most obvious feature
of paramagnetic material is that their magnetisation induced by the the applied field is linear
and reversible in the field strength and the magnetisation doesn’t retain when the field is re-
moved. The magnetic moment of the magnetised paramagnetic sample is normally weak and
typically need to be measured in the MPMS SQUID magnetometer. The paramagnetic sample
have a small, positive susceptibility to the magnetic field. In contrast with the paramagnetic
behaviour, diamagnetic materials are repelled by magnetic fields and form induced magnetic
fields in the direction opposite to that of the applied magnetic field. Therefore, a M(H) plot
of diamagnetic sample is linear and reversible but has a negative slope, its susceptibility χ is
negative.
For ferromagnetic material, as the relationship between M and H is no linear, its susceptibility





The units of magnetisation (or magnetic moment) are various in science community. The
MPMS reports the magnetic moment M in SI cgs (centimeter-gram-second) unit, emu (elec-
tromagnetic unit) which is used in this thesis. The mass magnetic susceptibility would be the
magnetic moment of material divided by a product of mass in gram and magnetic field in Oe,
which is expressed as emu/g·Oe. For molar magnetic susceptibility, it would be the magnetic
moment divided by the product of number of mole (in mole) and magnetic field in Oe, the unit
is emu/mole·Oe.
3.3 The MPMS-XL system
Figure 3.1 shows the main components of the MPMS-XL which consists of 5 systems as follow:
• Temperature Control System. The sample temperature can be precisely controlled in the
range 1.8 K (−271 ◦C) to 400 K (127 ◦C). Liquid helium and liquid nitrogen are used
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Figure 3.1: System components of MPMS-XL. 1, Sample rod; 2. Sample rotator; 3. Sam-
ple transport; 4. Probe assembly; 5. Helium level sensor; 6. Superconducting
solenoid; 7. Flow impedance; 8. SQUID capsule with Magnetic shield; 9. Super-
conducting detection coil; 11. Dewar; 13. Magnet power supply; 14. Temperature
controller. [4]
for cooling the system.
• Magnet Field Control System. Current from a power supply is used to charge to the su-
perconducting solenoid for magnetic fields generation, the magnetic field can be increase
up to 7 tesla.
• Magnetic measurement system with SQUID sensor. This facility is the heart of the in-
strument as shown in Figure 3.1, the part No.6, 8, 9. This subsystem will be further
introduced later.
• Sample Handling System. This system can transmit and rotate the sample smoothly
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through the detection coils, and allows for varied scan lengths.
• Computer Operation System. All operation of the MPMS are automated, computer con-
trolled. The sample environment (temperature and magnetic field) is controlled via a
GPIB connection using the Graphical User Interface (GUI).
Figure 3.2: (a)The core of the MPMS; (b) the configuration of second derivative coil (Pick-up
coil). [4]
Figure 3.2(a) shows the configuration of the core in the MPMS. Figure 3.2(b) shows the winding
direction of the superconducting detection coil. The upper coil is a single turn wound counter-
clockwise, while the center coil consists of two clockwise turns, and the bottom coil is a single
turn wound counter-clockwise. The superconducting detection coil are used to probe the change
in the magnetic flux density produced by a sample. When the magnetic flux change, electric
current is induced in the detection coil. The detection coils are connected to the input of a
superconducting quantum interference device (SQUID) with superconducting wires, allowing
the current to inductively couple to the SQUID sensor (as shown in Figure 3.1, No.8). As an
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extremely sensitive current to voltage converter, the SQUID element would produce an output
voltage which is proportional to the current flowing in the SQUID input. The MPMS determines
the magnetic moment of the sample by measuring the output voltage of the SQUID sensor.
The SQUID sensor itself is shielded in a superconducting shield to prevent any interference
caused by magnetic field fluctuation from both laboratory and superconducting solenoid. The
sensitivity of this instrument can reach 10−8 emu.
3.4 Dc and ac magnetometry
The MPMS-XL model used in this project is capable to measure material magnetisation in both
dc and ac modes which are two entirely different techniques to investigate magnetic properties.
Both techniques rely on detection coils to pick up the variation in the magnetic flux from the
magnetised sample. The fundamental difference between dc and ac techniques is how to create
the flux variation. In a dc magnetic measurement, a sample is subject to and magnetised by a
constant dc magnetic field which is generated by the superconducting solenoid (the part No.6
in Figure 3.1 and Figure 3.2). Then the sample is moved relative to the detection coil. The
variation in the magnetic flux density induces a current in the detection coil due to the movement
of the magnetised sample. As a result, the induced current in the detection coil can be measured
and related to the material magnetisation.
Instead of moving sample, the sample is centered within a solenoid statically in ac measure-
ment. A small ac drive magnetic field is superimposed on the dc field, causing a time-dependent
moment in the sample. The field of the time-dependent moment in the sample induced a current
in the pickup coils, allowing measurement of the ac moment without sample motion. Because
the induced sample moment is time-dependent, ac measurements yield information about mag-
netisation dynamics which cannot be obtained in dc measurement, where the sample moment
is constant during the measurement time. The detection circuitry is configured to detect only
in a narrow frequency band, normally at the fundamental frequency (that of the ac drive field).
The detail of the difference between dc and ac magnetometry is further explained as follow.
Dc magnetic measurement is straightforward as it determines the equilibrium value of the mag-
netisation in a sample. The sample is magnetised by a constant magnetic field and the magnetic
moment of the sample is measured, producing a dc magnetisation curve M(H). In a ac mag-
netic measurements, a small ac drive magnetic field is superimposed on the dc field. In order
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to understand what is measured in ac magnetometry, first consider very low frequencies, where
the measurement is close to dc magnetometry. In such case, the magnetic moment of the sample
follows the M(H) curve that would be measured in dc measurement. As long as the ac field is





WhereHac is the amplitude of the driving field, ω is the driving frequency, and χ = dM/dH is
the slope of the M(H) curve, is the susceptibility. The susceptibility is the quantity of interest
in ac magnetometry.
As the dc applied magnetic field is changed, different parts of the M(H) curve are assessed,
giving a different susceptibility. The advantage of the ac measurement is clear: the measure-
ment is highly sensitive to small change in M(H). Because the ac measurement is sensitive
to the slope of M(H) and not to the absolute value, small magnetic shift can be detected even
when the absolute moment is large.
At higher frequencies than those considered above, the ac moment of the sample does not fol-
low along the dc magnetisation curve due to dynamic effects in the sample. For this reason, the
ac susceptibility is often known as the dynamic susceptibility. In this higher frequency case, the
magnetisation of the sample may lag behind the driving field, an effect that is detected by the
magnetometer circuitry. Thus, the ac magnetic susceptibility yields two quantities: the mag-
nitude of the susceptibility, χ, and the phase shift, ϕ (relative to the drive signal). Alternately,
one can think of the susceptibility as having an in-phase, or real, component χ′ and an out-of
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In the limit of low frequency where ac measurement is most similar to a dc measurement, the
real component χ′ is just the slope of the M(H) curve discussed above. The imaginary com-
ponent, χ′′, indicates dissipative process in the sample. In conductive samples, the dissipation
is due to eddy currents. Relaxation and irreversibility in spin-glasses give rise to a non-zero
χ′′. In ferromagnets, a nonzero imaginary susceptibility can indicate irreversible domain wall
movement or absorption due to a permanent moment. Also, both χ′ and χ′′ are very sensitive
to thermodynamic phase changes, and are often used to measure transition temperatures. Ac
magnetometry allows one to probe all of these interesting phenomena. Typical measurements
to access this information are χ vs. temperature, χ vs. driving frequency, χ vs. dc field bias, χ
vs. ac field amplitude, and harmonic measurements [78].
Despite the commercial MPMS SQUID magnetometer can provide both measurement tech-
niques to the users, all the high pressure magnetic measurements in SQUID were limited in
dc mode as the cell material issue. The metallic cell body can interfere the measurement re-
sult greatly due to the induced Eddy current in ac field. The magnetic signal from the sample
is virtually impossible to ‘see’ in high frequency ac field. So far, the high pressure magnetic
measurement with ac techniques can only be performed through high pressure cell with built-in
coils such as those shown in Figure 3.3. Several papers [36, 79–89] were published regarding
to this kind of systems, however the complexity of these systems limits their application.
3.5 Sample preparation
Sample for magnetic measurement in SQUID magnetometer can be liquid form which need to
be sealed in a capsule or solids (both powder or polycrystalline form). A powder sample must
be loaded into a non-magnetic container such as a gelatin capsule to prevent contamination. A
single crystal can be mount on a sample table using non-magnetic adhesive like GE varnish.
In most cases, sample is in powder form which needs to be loaded into the gelatin capsule
first then positioned in the middle to a plastic straw. A few holes in the upper end of the
straw need to be punctured for letting air in and out during the air evacuation in the sample
transport chamber. The straw in attached to the sample rod and then insert into the sample
transport chamber for air evacuation, air is evacuated by a vacuum pump and purged with
helium gas. After the air evacuation, the sample can be fully inserted in to sample chamber
inside the superconducting detection coil. The sample must be centred in the second-order
gradiometer pick up coil before measurement carried out, this is a compulsory step in both dc
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Figure 3.3: The geometrical configuration of (a) the first diamond anvil cell with built-in coils
for ac magnetic measurement [79, 81, 82]; (b) a later improved version [83]. Fig-
ures are redrawn, not to scale
and ac measurement. This procedure insures that the sample will be magnetised uniformly and
the centering can be performed by the system command.
3.6 iHelium3 system
As stated at the beginning of this chapter, the cooling system in the MPMS SQUID magnetome-
ter is capable of providing sample temperature as low as 1.8 K. Recently, however, the study of
material magnetic properties at even lower temperature (T<2 K) attracts considerable research
interest. To achieve such temperatures, Shirakawa et al. [90] developed a 3He cryostat add-
on refrigeration system which can be inserted into the standard MPMS SQUID magnetometer
without modification to the original machine (as shown in Figure 3.4). This system extends the
minimum temperature of magnetic measurement down to 0.5 K and has been used to measure
superconducting transition of single-crystal Sr2RuO4 at 1.5 K [90] and the magnetism of an
organic ferromagnet β-p-NPNN at 0.48 K [91].
As shown in Figure 3.5, the 3He cryostat consists of a sample rod, a main pipe, bellows, and
a box. A sample and a thermometer plus a heater for temperature control are attached to the
48
Magnetic Properties Measurement System
Figure 3.4: iHelium3 system from IQUANTUM [43].
lower end of the sample rod. The system is designed to soak the sample in the liquid 3He
for low temperature cooling. The main pipe is a liquid 3He container with a vacuum jacket at
the bottom end so that the liquefied 3He is thermally insulated. The main pipe is slim enough
(<8.6 mm) to fit into the sample chamber of the MPMS SQUID. The measurement principle
is as the following. After loading the sample rod from the top, the main pipe is suspended at
its neck in the sample chamber of the MPMS. the whole cryostat, including the sample, are
moved up and down and scanned through the pick-up coils. An RSO (Reciprocating Sample
Oscillation) servo motor unit are used to drive the movement. On the top, a box was mounted
on the RSO drive as a sample-space airlock which is used to keep the sample chamber of the
MPMS sealed. A bellows inside the box interconnects between the 3He cryostat and a flange,
which is the port to a external gas-handling system. The vertical small figures in Figure 3.5
shows how the cryostat is installed. The sample chamber of the MPMS needs to warm up to
room temperature and venting with He gas at first. Then the airlock box is mounted on the top
of the RSO unit. After that, the 3He cryostat is installed into the sample chamber of the MPMS
and connect the electric wires and the bellows. Finally the system is ready to be cooled downed
after the box needs is covered and the cryostat is evacuated.
The cryostat uses 3He gas as heat-exchange medium for cooling. First the sample chamber of
the MPMS is cooled down to around 4.2 K. Then the auxiliary rotary pump will be switched
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on to cool down and maintain the temperature of the sample chamber at 1.6 K, at which 3He
gas is condensed inside the cryostat. Finally, the liquefied 3He is pumped out for cooling the
sample to below 0.5 K. The system was reported that it can reach 0.48 K within 30 minutes
after starting to pump the liquefied 3He, the base temperature can last for 10 hours as long as
no heater power is applied.
Figure 3.6 shows the vacuum jacket of the cryostat, which is scanned in the MPMS during the
measurement. This part is called 3He insert as it needs to be inserted to the MPMS. The internal
diameter of the insert is 6.4 mm which allow the standard MPMS to be used for sample mount-
ing. The sample needs to be wrapped in a thermal conducting sheet then inserted into the straw.
Since the sample is thermally insulated form the outside of the cryostat, the temperature has
to be measured in situ. There is a low magnetic background thermometer is adopted for tem-
perature measuring. It is accommodated in a polyimide tube and placed just above the sample.
A heater is mount on top of the 3He insert for temperature controlling. The drawback of this
set-up is that background signal is increased inevitably. Shirakawa and Tamura [91] reported
that the total background is about 6× 10−4 emu at 0.5 K and 1 T. For most magnetic measure-
ments, the background is small enough to be neglected. However, background subtraction is
required for the sample with low magnetic susceptibility. This 3He cryostat has been commer-
cialized and coded iHelium3 system in Japan recently [43].The system is only compatible to
the dc measurement mode at present. To this point, there is no high pressure instrument that has
been developed for use with the iHelium3 system as the space of the 3He insert is too limited
(OD<6.4 mm) for all existing high pressure cell designs.
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Figure 3.5: (Left) Schematic drawing of the 3He cryostat. (Right) Figures showing the set-up
procedure of the 3He cryostat [91].
Figure 3.6: The 3He insert of the 3He cryostat [43].
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Chapter 4
High Pressure Experimental Methods
This chapter gives a review of theory and common methods for high pressure cell deign. The
first part of this chapter focus on the piston-cylinder cell. The second part describes the opposed
anvil technique which mainly covers the diamond anvil cell and sapphire anvil cell. The final
section introduces several commonly used pressure transmitting medias used in high pressure
experiment.
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4.1 Piston-cylinder cell
The piston-cylinder system is the most obvious method of pressure generation. This type of cell
consists of at least one cylinder and one piston. The cell body can be categorised to closed-end
configuration or open-end configuration as shown in Figure 4.1. When the load is applied on
the piston to press the sample, the wall of the cylinder will subject to two dimensional applied
stress, radial and hoop (tangential) stress. If the cell is equipped with self-clamp thread to main-
tain the advance of piston, three dimensional applied stresses will occur, axial or longitudinal
stress will be presented in the wall as well.
Figure 4.1: (a) closed-end cylinder and (b) open-end cylinder.
Because the design and fabrication of piston cylinder cell is simple and the sample volume
can be large, it has a wide application in high pressure research such as high pressure electri-
cal resistivity, thermoelectric power, optical studies, studying the compressibility of fluid ect.
However, the main shortcoming of this type of cell is that the highest pressure capability is
limited below 4 GPa [16]. Because heavy load is required to press the large amount of sample
in piston cylinder cell, the cell must be reliable and safe. The major part of this type of cell, the
cylinder body, needs to be calculated carefully before manufacture. The analytical calculation
is well documented based on Lamé theory which was developed for thick wall cylinder calcu-
lation. The theory is explained in the following subsection to provide a in-depth understanding
of the behavior of the cylindrical cell body at high pressure.
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4.1.1 Analytical stresses calculation for cylinders
4.1.1.1 Thin-walled cylinder
Figure 4.2: A thin-walled cylinder subject to internal pressure.
As shown in Figure 4.2, when the wall thickness of the cylinder is less than about 1/20 of the
diameter, the cylinder can be considered thin-walled. When a thin-walled cylinder is subject to
internal pressure P , the classical theory assumes that the infinitesimal element on the cylinder
body subject to two dimensional principle stresses, the hoop stress σt and axial stress σa. The
radial stress is ignored based on the assumption that there is no pressure gradient across the









Where D is the internal diameter of the thin-walled cylinder, t is the wall thickness of the
thin-walled cylinder.
The calculation of thin-walled cylinder is very straightforward but the equations are only valid
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when the wall thickness and diameter ratio is smaller than 1/20. If the ratio is larger than 1/20,
the radial stress σr becomes significant and cannot be ignored. Lamé equation [93] for thick-
walled cylinder must be used for calculation. Since most cell bodies of piston-cylinder cell are
thick-walled cylinder, the development of the Lamé equation is further introduced as followed.
4.1.1.2 Development of the Lamé theory
Figure 4.3: (a) an infinitesimal element abcd on a thick wall cylinder. (b) the enlargement view
of the element abcd and the deformed shape a’b’c’d’.
Strain
Thick cylinders are concerned with sections remote from the ends. The development of the
theory is based on the follow assumptions. The central sections of a thick cylinders are sym-
metrical and all points on an annular element of the cylinder wall will be displaced by the
same amount, this amount only depends on the radius of the element. As a result, there are no
shearing stress set up on transverse planes and the applied axial stress is one of the principle
stresses. Similarly, because of the uniformly distributed pressure as shown in Figure 4.3 (a), the
shape of element a’b’c’d’ is maintained without distortion. As a result, there are no shears on
radial or tangential planes, the radial an hoop stresses are both principle stresses. These three
stresses are mutually perpendicular, tri-axial and termed radial, hoop (also called tangential or
circumferential), and axial (longitudinal) stress in this thesis.
Figure 4.3 shows a thick-walled cylinder subject to both internal and external pressure. An
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Figure 4.4: The stress diagram of the unit length element
infinitesimal element with unit length was cut from the wall as depicted, the internal radius of
the element is r and external radius is r + dr, the annual angle is dϕ. Because the cylinder is
axisymmetric, all the nodes in the cylinder only deform radially, and the displacement u only
relates to the radius r, independent to the angle ϕ. The edge of the element ad moves to a′d′,











Since u is a function of r, along the edge of ab, if the displacement of point a is u, then the











Because the section plane remain plane, the axial (longitudinal) strain εa is independent to the
radius r and ϕ, it is constant across the all of the cylinder.
Static equilibrium equation
As shown in Figure 4.4, the element subjects to a normal radial stress σr and normal hoop
stress σt. Because the axisymetric feature, the stresses are independent to the angle ϕ and
only related to the radius r. No shear stress on the element thus all the normal stresses are
principle stress. The stresses on surface cd and ab are equal with opposite direction. There is
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an increment dσr on the surface cb. Based on force equilibrium principle, if one projects all
internal forces on the axi ρ, then a equilibrium equation can be constructed as










Neglecting second-order small quantities, the Equation 4.5 can be reduce to
rdσr + σrdr = σtdr
Then we have





In linear elasticity condition, the stress and strain relation follows the general Hook’s law
Hoop strain εt =
1
E
[σt − ν(σr + σa)]
Radial strain εr =
1
E
[σr − ν(σt + σa)]
Axial strain εa =
1
E
[σa − ν(σr + σt)]
(4.7)
The axial strain εa is constant across the wall of the cylinder based on the assumption that the
plane sections remain plane. It is also assumed that the axial stress σa is constant across the




[σa − ν(σr + σt)] = constant
σr + σt = constant = 2A (assigned) (4.8)
Lamé equations
Substituting equation 4.8 to equation 4.6 to eliminate the σt, then we have
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2 −Ar2) = 0
Therefore, integrating,
σrr












where the A and B are usually refereed as Lamé constants.
Substitute the follow boundary conditions to equation 4.9 to determined the Lamé constants
A and B. Note that both internal and external pressure are considered as negative radial stress
based on the sign convention in elasticity which take normal compression stress as negative and
tensile as positive.
at r = a, σr = −Pi
at r = b, σr = −Po









Substituting A and B back to the general form of the Lamé equation 4.9, the hoop stress and
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Axial stress
Figure 4.5: Cylinder longitudinal section
Consider the cross section of a thick cylinder with closed ends subjected to both external and
internal pressure as shown in Figure 4.5. For longitudinal equilibrium,
Piπa
2 − Poπb2 = σaπ(b2 − a2)






It is clearly that the axial stress σa is constant and equal to the lamé constant A as shown in
equation 4.10.
Radial displacement







[σt − ν(σr + σa)]




[σt − ν(σr + σa)]
Substitute the Lamé equation 4.9 and equation 4.12, then the displacement function can be
rewritten with the Lamé constants A and B.
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4.1.2 Thick-walled cylinder loaded with internal pressure
In this case, substituting Po = 0 into equation 4.11 and 4.12, we have the three principle






















According to the sign convention of the principle stress in elasticity, algebraically largest=σ1,
algebraically smallest=σ3, and other=σ2. As b ≥ r ≥ a, it is clear from the equation 4.15 that
the hoop stress is with highest positive value and the radial is with the highest negative value,
then .
σ1 = σt, σ2 = σa, σ3 = σr (4.16)
both σt and σr exceed σa in magnitude and the greatest value occurs at the internal diameter a
as plotted in Figure 4.6.
4.1.2.1 Failure theory
In many scenarios in machine design, material in a part must works and deformed within the
elastic region. Material yielding is unacceptable and should be consider failure. This failure
criterion can be quantified as the stress in two failure theories, the maximum shear theory (or
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Figure 4.6: The Hoop stress and radial distribution of a thick cylinder when subjected to inter-
nal pressure [17].
so-called the Tresca-Guest theory) and the Distortion-energy theory (the Von Mises-Hencky
theory). These two theory are widely used for the failure criterion of metallic material.
Maximum shear-stress theory
The maximum shear-stress theory states that failure occurs when the maximum shear stress in
a part exceeds the shear stress in a tensile specimen at yield (half of the tensile yield strength
Sy). This predict that the shear yield strength (Sys) of a ductile material is
Sys = 0.5Sy (4.17)
The failure criterion is
τmax = Sys = 0.5Sy (4.18)





















Because B is constant, in the internal pressure only case, the greatest value of τmax occurs at
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Therefore, from the failure criterion Equation 4.18, the pressure limitation of a thick wall cylin-
der cell can be roughly estimated based on the material yield strength Sy, and the geometry







This analytical result shows that even in a very thick cylinder (b → ∞), the Pi ≤ Sy/2. The
limitation of a single cylinder is clear limited by and highly related to the material strength.
Increasing the wall thickness is not effective and waste of material.
Distortion-energy theory
The distortion-energy theory is a more accurate to predict material yielding because it is based
on three dimensional stresses calculation. The theory states that the material in a part would
yield when its equivalent stress (Von-mises stress) σ
′
exceed the material yield strength Sy. The







[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (4.23)
As the three principle stress in the thick-walled cylinder is already shown in Equation 4.16.
The equivalent stress of any point of the wall can be calculated straightforward. Though the
distortion-energy theory had been widely accepted as that it can provide a more accurate result,
the maximum shear stress theory was still popular in high pressure instrument design because
it is easier to calculate and more conservative [92], which can be preferable for some designers
as it would provide an extra safety margin.
4.1.2.2 Change of cylinder dimensions
From general Hook’s law in equation 4.7 and the Lamé constant A and B, the dimension
changes of a cylinder cell under internal pressure can be calculated directly and vise versa. As
shown in Chapter 2, the internal pressure of some piston cylinder cells [30, 31] was estimated
by measuring the geometry change based on the general Hook’s law and Lamé equation. This
measure is conveniently to be used for pressure estimation. The numerical process is shown in
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this section as follow.
Change of diameter
The most common way to measure the deformation of a cylinder is measuring the hoop (cir-
cumferential) strain at the external wall of the cylinder, which relate to the original radius based


















[σt − ν(σr + σa)]
The equation can be solved by substitute equation 4.13. One thing must be aware about is that
the existence or absence of axial stress σa affects the diameter change ∆D and hoop strain εt
significantly.
Change of length




[σa − ν(σr + σt)]
4.1.3 Pre-stressed techniques
As shown in Equation 4.22, the pressure capacity of the single cylinder is limited. Pre-stress
techniques including multi-layered cylinders and autofrettage had been widely used to strengthen
the cylinder and those method would be introduced briefly here. The analytical processes of
this two pre-stresses techniques had been fully developed and available [17], these analytical
processes are not included in this thesis because of the limited space.
4.1.3.1 Double-layered cylinder with interference fit
Figure 4.6 shows that hoop stress mainly concentrates at the bore of the thick-walled cylinder
and reduce gradually along the radius. Increasing the wall thickness has little effect on the
pressure performance as shown in equation 4.22. The material of the cylinder is not therefore
used to its best advantage as the external portion is almost not loaded. There are two methods to
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increase the pressure limit. The most popular method is introducing double or multiple layers
cylinder. For the double layers technique (Figure 4.7), the outer diameter of the inner cylinder
is slightly bigger than the bore of the outer cylinder. The inner cylinder is forced into an outer
cylinder and the interference fit δ would introduce a pressuresPc applied on both inner and outer
cylinders. As shown in the Figure 4.8, the induced pressure Pc can introduce a large amount
of compressive hoop stress on the internal bore. The compressive stress can partially cancel
out the tensile hoop stress when the cylinder body subject to internal pressure. As shown in
equation 4.19, the hoop stress is the main stress tensor contributes to the maximum shear stress.
Therefore, reducing the hoop stress can effectively decrease the maximum shear stress then the
pressure limit of the cylinder can be increased.
Figure 4.7: Double cylinder with interference fit δ
Figure 4.8: Superposition of hoop stresses distribution caused by internal pressure and inter-
ference fit δ.
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4.1.3.2 Autofrettage
Apart from the double cylinder method, autofrettage method is another widely used technique
to pre-load compressive hoop stress to the bore of the cylinder [77]. In this method, the single
cylinder is preloaded with an enormous pressure to produce plastic deformation at the internal
portions of the cylinder. The bore would be work hardened with the pressure, but the primary
mechanism of the strengthen is based on different deformation stage of the inner and outer
portion of the thick wall cylinder. With the pre-load pressure, the inner portion is deformed
plastically and outer portion remains in elastic region. When the pre-load is released, the outer
portion of cylinder tries to return to the original position whereas the inner cylinder maintains
at the deformed position. This resulting in compressive residual stress on the inner portion of
the cylinder, which is similar to the scenario of double-cylinder with interference fit.
In autofrettage procedure, the preload pressure must be high enough to yield the internal layer
of the thick wall cylinder. Theoretically, the cylinder will not subject to plastic deformation if
the working pressure does not exceed the preload pressure. There are several ways to pre-load
the cylinder. Most convenient way is pressurising soft and incompressible medium such as lead
or indium in the sample bore and only simplest seal is required to seal the piston. Another
method of autofrettage is to force an oversized conical mandrel through the bore of the cylinder
to achieve the necessary deformation.
The autofrettage method is more effective than the double cylinder method as it can pre-load
higher compressive hoop stress on the inner layer of the thick wall cylinder. However, the
autofrettage method comes with high risk of fracture during the pre-load. This is because the
most high strength alloy are brittle, such as the fully harden BEREYCO25 can only elongate
2% in tensile test [15]. The double layer technique is much safer as all the deformation in the
pre-stressed treatment is within elastic region.
4.1.4 Seals
Apart from the stresses calculation, seal is extremely important for piston cylinder cell. Seal-
ing the cylinder can become difficult when pressure inside the cell get higher which results the
clearance between the piston and bore increased under pressure. Therefore, successful pres-
surisation is highly rely on the quality of the seals, particular the seal on the moving piston.
This section introduces some several well-tested sealing mechanisms.
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Figure 4.9: Anti-extrusion ring seal.
The simplest seal is the anti-extrusion ring method as shown in Figure 4.9. It is dedicated to
seal solid pressure medium (sample) or serve as a supplementary seal in a complex sealing
system to prevent extrusion of soft material. The seal material can be different metal based on
the pressure requirement but the metal must be with certain degree of plasticity so that the ring
can deform under pressure to fill the clearance. Conventionally, copper or aluminum are used
for low pressure, hardened BeCu alloy for moderate pressures and steels for highest pressure.
Another classical example for sealing liquids and gases is mushroom-type seal which was in-
vented by P. W. Bridgman as shown in Figure 4.10. The pressure in the seal Ps is always
automatically higher than the pressure P in the medium since the cross-section of the seal is
less than the area of the bore. Based on empirical value, the Ps needs to be 10-15% more than
P to be effective. The central washer in the seal is made from soft material like nylon, rubber or
indium. When the pressure in the cell exceeds the yield strength of this material, the seal starts
effectively to plug the pressure medium. With increasing pressure, the rest of anti-extrusion
washers starts to flow and seal the soft washer and the pressure medium. There is a final back-
up ring to provide further seal at high pressure environment to stop the washers flow. Even
though the mushroom-type seal had been test effective up to 3 GPa pressure, some drawbacks
of this type of seal were found as well. The whole sets of seals is complicated and the existence
of friction is very high (can take up to 20% of the load). In addition, retrieving the sample after
high pressure experiment is inconvenient as the seal would usually stuck in the bore.
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Figure 4.10: Mushroom-type seal.
Another type of seal called wedge seal developed by Whalley and Lavergne [94] becomes
popular (as shown in Figure 4.11). The initial seal is made with an rubber O-ring. The metal
wedge seal does not operate until the pressure reaches a few hundred mega-pascals. As the
contact surface of the seal and the bore is much smaller than the mushroom-type seal, the
friction is much smaller as a result. The friction can be further reduced by coting the metal ring
with a thin layer of soft metal.
Figure 4.11: Wedge-type seal.
For open-ended piston cylinder cell, extra immobile seals are needed to close the gap between
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the plug and the sample bore at other side of the cell as shown in Figure 4.12. This seal is
simple and takes small place based on unsupported area principle.
Figure 4.12: Immobile seal for plug.
4.1.5 Pressure calibration
Presently, manganin pressure gauge offers the most accurate pressure measurement in the piston
cylinder cell. As the resistance change of the manganin coil is related to the pressure, the
relation of resistance and pressure chage is given [95],
P − Po = ∆P = α∆R+ β∆R2 (4.24)
To measure the resistance, an integrated electrical feed-through is needed for the cell. How-
ever, this method is not always feasible. Such as if the pressurised sample is reactive which
can contaminate the experiment. To avoid such problem, the deformation change of the cell
in diameter or axial elongation can be used to calculated the internal pressure through Lamé
equation. This method had been used in several existing piston cylinder cells [26, 30, 31].
For magnetic measurement, the pressure in the piston-cylinder cell can also be determined by
using the superconducting properties of lead, tin or indium [25]. These superconductors are
usually called manometer as their critical temperature TC (where the superconductive transi-
tions occurred) are linearly related to the pressure. For example, the transition temperature of
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Figure 4.13: Schematic layout of the first opposed anvil cell. A: upper WC anvil, B: gasket, C:
lower WC anvil.




4.2 Opposed anvil cell
The opposed anvil device works on the principle of massive support. The principle is a labora-
tory analogue of the tapered foundation design, to support the large loads of huge structures by
the comparatively softer earth. The taper reduce the large working stresses quickly to tolerable
level. The opposed anvil technique was invented by P W Bridgman, therefore, the first opposed
anvil cell was called Bridgman anvils. As shown in Figure 4.13, the first opposed anvil cell
was loaded by applying force on the loading face of the anvils, a large stress is generated at the
working face (culet). A non-metallic gasekt was used to contain the sample and the pressure
transmitting media, and to convert the stress into hydrostatic pressure in the sample region.
Pyrophyllite (Al4Si8O20(OH)4) was used as the gasket material and steatite (hydrous magne-
sium silicate), AgCl, talc or petroleum jelly were used as the pressure transmitting medium for
generating quasi-hydrostatic pressure. The Bridgman anvils were made of cemented tungsten
carbide (WC) and the pressure can reach up to 18 GPa. The following improved version can go
even higher to 25 GPa.
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Comparing to the conventional piston cylinder cell, opposed anvils cell have smaller sample
volume, but have higher pressure capability. Since the first Bridgeman cell, there are many
types of opposed anvil cells that have been developed for all sorts of high pressure research.
Such as DAC, multiple anvil cells, belt apparatus ect. The Belt apparatus and multiple anvils
cell had been used extensively in material synthesis and for monitoring electrical resistivity,
thermoelectric power, X-ray diffraction, etc. High temperature up to 2500 K can be available
in these apparatus by incorporating suitable heating system. As these apparatuses are beyond
the range of this article, detail information would not be introduced here. The Diamond anvil
cell (DAC) is discussed in the follow section as it is the main research interest in this article.
4.2.1 Diamond anvil cell
DAC technique was invented by Valkenburg and co-workers [10] in 1958 and developed rapidly
in 1970s based on the following advantages. As shown in Figure 4.14, the DAC is mainly
consist with three critical parts, a pair of diamond anvils and a gasket. This simplicity allows the
DAC can be built easily. The transparent feature of diamond allows optical access to the sample,
so scientist can observe the sample under high pressure directly. The most important advantage
of DAC is that it can achieve very high pressure up to 450 GPa [1]. Failure of the DAC is safe
to users in spite of the cost which could be heartbroken. The working mechanism of DAC is
straightforward. External force is applied on the back of the anvil and the pressure transmitting
medium and a sample in the hole of the gasket is squeezed to generate high pressure. The
pressure obtained form DAC mainly rely on the diameter of a diamond culet (compression
face). The smaller the culet is, the higher pressure can be achieved.
4.2.1.1 Diamond anvil
Diamond is the hardest material known so far. The mechanical properties of diamond had been
reported as, tensile strength St=2.8–2.9 GPa, Young’s modulus E=1050 GPa, ν=0.11 [61]. As
the DAC is popular in the high pressure research, the diamond anvil had been standardised
and available commercially as shown in Figure 4.15 and Table 4.1. The standard anvil can be
polished with single bevel or double bevels on the culet based on requirements. The diameter of
the culet can be varied depending on the requirement maximum pressure and sample volume,
the limit of maximum pressure can be roughly estimated with the Equation 4.26 which is based
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Figure 4.14: The configuration of DAC, with a metal gasket for sample confinement in a pres-
sure medium. These three parts are the critical parts in a DAC [96].
Figure 4.15: Type Ia standard diamond design in Almax·easyLab [29], x stand for the table
diameter in mm.
on empirical application [97].
Pmax(GPa) = 10/d(mm) (4.26)
Where d is the diameter of the culet in mm.
4.2.1.2 Gasket
In conventional DAC application, the gasket is normally a thin metal which can be stainless
steel, beryllium copper or other high strength metal based on the pressure requirement. The
main function of the gasket is to provide a high pressure chamber for the sample. The gasket
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Table 4.1: The available dimensions of the standard diamond in Almax·easyLab [29], 1
carat=0.2 g.
is comparatively softer than the diamond anvil, it deforms plastically during the pressurisation.
The load transmit from the anvil cause the gasket flow inwards and outwards. Therefore, the
deformation of the gasket rely on the yield strength of the material. Two factors needs to be
considered, the diameter of the sample hole and the thickness of the gasket. In the theory of
gasket in DAC proposed by Dunstan [98], the gasket can hold high pressure inside the sample
hole based on massive support principle, the pre-indentation of the gasket can increase the
massive support factor which result the achievable pressure inside the gasket can reach higher.
Apart from that, the sability of the sample hole is increased if the gasket was pre-indented.
There are two empirical ways to guarantee the gasket will be in the thin status [98], (a) the
initial thickness of the gasket is made only a little greater than the final thickness obtained
in previous runs to similar pressures; (b) pre-indentation is carried out using a force nearly as
great as the force that will be applied in the experiment to generate the highest pressure. Though
thiner gasket works better in DAC, the smaller sample volume is the main shortcoming. This
can be unacceptable particular in magnetic measurement as larger sample volume is preferable.
Based on our previous DAC experience in magnetic measurement, the balance is that a half-
hardern BeCu gasket needs to be pre-indented to 100 µm initial thickness. Under this setting,
the sample pressure can achieve 10 GPa routinely and the magnetic signal from the sample can
still be detected. To insure the sample hole is stable at high pressure stage, the initial diameter
of the sample hole should be made no greater than 1/2 and preferable 1/3 of the diameter of
anvil culet.
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4.2.1.3 Pressure calibration
Ruby fluorescence method is the most widely used technique to determine pressure in DAC.
This technique is first introduced by Forman et al. [99] in 1972 and then was further investigated
by his co-workers [35]. The principle of this method is that when a ruby atom is excited by a
high intensity light such as laser, it emits double fluorescent peaks which is R1 at at 6942 Å
and R2 at 6828 Å at ambient pressure respectively. Later in 1975, Piermarini and Block [100]
found the emission line, R1 of the ruby atom shifts approximately linearly with the pressure up
to 30 GPa with coefficient dλ/dP = 0.365 Å/kbar. It was further calibrated up to 172 GPa by




+ 1)B − 1] (4.27)
Where P is pressure in GPa, ∆λ is the ruby R1 line wavelength shift in nanometer and B is
equal to 5 for non-hydrostatic conditions and 7.665 for quasi-hydrostatic conditions.
As stated before, in magnetic measurement, superconductors Pb, Sn and In can be used to cali-
brate the pressure as well. It is usual for DAC in magnetic measurement, both ruby fluorescence
method and the superconductor method are used to probe the pressure changes when the DAC
is cooling down.
Another technique for calibrating pressure inside the pressure cell is using the equation of
state (EOS). If the EOS V = V (P, T ) of some substances is obtained, then pressure can be
determined because the lattice parameters of substance can be measured accurately by means
of neutron or X-ray diffraction measurements. NaCl is the most common substances which has
been used as a high pressure gauge due to its known principle terms in lattice energy [102]. As
this method is not applied in this thesis, further detail information is not included here.
4.2.1.4 TM-DAC design
The turnbuckle technique is the main design approach in this thesis. Three high pressure cells
developed in this project is based on the TM-DAC [11]. The working mechanism of this cell
is introduced here in detail. As shown in Figure 4.16, TM-DAC was specially developed to
be used in MPMS SQUID magnetometer in 2010. It has been successfully used in many high
pressure magnetic studies in SQUID magnetometer since published. The operation of the cell
is simple. Once the sample is loaded into the cell, the pressure cell is placed into a specially
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Figure 4.16: TM-DAC [11] assembly. A special bracket was design for pressurising the cell, a
load cell needs to be placed under the bracket for recording the force applied on
the cell.
designed bracket with for pins engaging into the four holes in both end-nuts as shown in Fig-
ure 4.16. The part of the bracket with top pins can slide vertically allowing the pressure cell to
be put into the bracket and also to adjust the height of the pins to ensure that they engage fully
into the guide holes in the end-nuts.
Once the pins are engaged they can only slide up and down when the body of the cell is ro-
tated. While it is possible to generate some initial pressure by turning the turnbuckle body held
inside the bracket, at higher loads the friction between the thread becomes large. For further
pressurisation, the bracket needs to be placed into a hydraulic press and the load, monitored by
a sensitive load cell, is applied in small steps. This process relaxes the threads which enables
the users to lock load by turning the body of the cell with respect to end-nuts. The pressure
inside the gasket can be checked by using ruby fluorescence. Once the desired pressure is
achieved, the pressure cell can be removed from the bracket and load into the SQUID mag-
netometer for measurement. As the cell is so small, it can be loaded into the standard plastic
straw recommended for use with the SQUID magnetometer as show in Figure 1.2. The cell is
made of hardened BeCu alloy (BERYLCO 25 from NGK [15]) to allow pressure capability up
to beyond 10 GPa (sample volume<0.01 mm3).
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4.2.2 Sapphire anvil cell
Sapphire anvil cell has got fundamentally the same layout as diamond anvil cell but the anvils
are made from sapphire. However, sapphire anvils are not just a cheap substitute for diamond
anvils working at lower pressures. Sapphire is transparent in the ultraviolet region much further
than diamond (down to 140 nm). It enables the studies of emerging wide-band-gap materials.
Apart form that, sapphire cell is very useful for Raman scattering measurements as the lumi-
nescence background is much lower than for diamond anvils. Another important advantage of
sapphire anvil is that the anvil can be much lager than diamond anvil with ignorable cost and
therefore the sample volume can be scale up. For pressure range below 10 GPa, sapphire anvil
is much more cost effective than diamond anvil, particular in neutron scattering experiment, in
which the sample volume is the prior consideration.
The main disadvantage of sapphire is the weak material strength if compare to diamond. The
brittle anvil can be broken easily during the high pressure experiment if they were not imple-
mented properly. In previous literature [17], the sapphire can work reliably up to 12–16 GPa
with culet smaller than 1 mm in diameter and 6–8 GPa with 2–4 mm culet. Though it’s pressure
performance cannot compete with DAC, it is much higher than the piston cylinder cell.
The mechanical properties of sapphire varies with its crystallographic direction because its
single crystal structure. The measured tensile strength distributes between 275 to 400 MPa,
Young’s modulus (E) varies between 494 to 322 GPa and the value of Poisson ratio ν is be-
tween 0.27-0.3 [103]. Based on empirical application, there are some general advices for using
sapphire anvil.
1. The gasket material must be soft material such as Copper, CuNi alloys, unhardened BeCu
alloy etc. Strong gasket usually resulted in surface cracks appear earlier. Eremets [17]
explained the reason is that the shear stress τ on the surface of the anvil is equal to the
shear yield stress of the gasket material when ”sticking” conditions are fulfilled. The edge
of the sapphire anvil is apparently the weakest area and the use of soft gasket reduce the
shear stress. One disadvantage of using soft gasket is that the final thickness can be thin
which might cause some problem in certain sample.
2. It is essential to smoothen the edges of the culet to improve the pressure distribution and
reducing chipping. The rounded form of the edge of the anvil results lower gradients in
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the pressure distribution.
3. The strength of sapphire can be increased by surface treatment to remove the surface
layer saturated with nuclei stretches. The disturbed layer can be completely removed
by ion etching. One of the best chemical methods is etching in melted borax with 25%
Al2O3 at 1000 ◦C. High temperature etching is also another way to improve the pol-
ished surface. Eremets [17] found that heating an anvil at 1850 ◦C for 20 minutes can
improves the surface significantly the disturbed layer caused by polishing can be evap-
orated. However, if heating longer than that would cause the surface rough. A another
high temperature treatment (1200 ◦C for 1 hour) was proposed for improving surface.
The high temperature treating have not been studied so far.
4. In the application of sapphire anvil in the past decades, whether the anvil strength is
related to the crystallographic direction is still controversial. From the point of view
of crystallographic structure, the compression face of the sapphire anvil perpendicularly
to the crystallographic c-axis was believed the strongest face as it is with the highest
harness [17, 45]. However, several tests result from Furuno et al. [104] and Klotz [46]
showed that the crystallographic orientation of sapphire with respect to the compression
face had no influence on the pressure performance, particular for spherical sapphire.
4.3 Pressure transmitting media
Pressure transmitting media are normally used in piston cylinder cells to create a hydrostatic
pressure environment for the sample. There are several media that had been used for high
pressure experiments. The 4:1 methanol-ethanol mixture was first used in 1973 [105] for high
pressure experiment and it was found stay hydrostatic up to 10 GPa. One shortcoming of this
media is that it is not ideal for low temperature environment due to solidification. Pressure
would vary (normally drop) due to the solidification of the pressure media. To overcome the
issue, another media, Daphne 7373 [106], is becoming widely used today for high pressure
experiment at low temperature because it remains liquid at low temperature. However, the
Daphne 7373 starts to solidified at 2 GPa [107].
For opposed anvil cell, the pressure in is far more higher than piston cylinder cell. The pressure
transmitting media used in DAC can be either gas, liquid or solid. That mainly depends on the
experiment requirement. If the sample is a liquid or gas, it can be load into the gasket without
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any pressure medium. If it is a single crystal, a fluid transmitting medium can be used to
generate hydrostatic pressure environment. Apart from the The 4:1 methanol-ethanol mixture,
commercial silicon oil can be used as well. If the sample is in a powder form, it can be loaded
into the gasket hole directly. However, if the sample is very compressible, other powder as




As the Finite Element method (FEM) was widely used in this project, this chapter provide a
brief introduction of this method. In addition, the main modeling techniques are introduced





Since the geometry of the machine parts become more and more complex, such as the propeller,
gear, and crankshaft. The stress, strain and deflection calculation of these parts through clas-
sical anaysis can be complicated and time consuming. Instead, finite element method become
a widely used engineering tool to solve these problem based on enhanced computer perfor-
mance and commercial FEA codes nowadays. The finite element method is not only limited
to structural analysis but also able to cover the calculation of fluid mechanics, heat transfer,
acoustics, electromagnetic, and other specialised problems. This chapter only introduces its
use in structural mechanics which is the major aspect in high pressure cells design.
The fundamental concept of finite element method is that the volume of a continuum part can
be divided into a finite set of contiguous, discrete elements and solved as a set of simultaneous
equations, each of which applies to an elements and to the nodes that connect the elements.
Several different mathematical formulations have been reported since 1956. The main approach
used for structural analysis is Direct Stiffness Method (DSM) [12] that uses element stiffness
to compute the nodal displacements and internal forces that result form a set of applied external
loads and boundary conditions. Strains are computed from the displacements and stresses using
Hooke’s law. The concept is easy to understand, however, the mathematical processes of most
FEA models are computationally intensive and require the solution of large matrices. The
mathematical process is beyond the theme of this thesis and would not be further described.
5.2 Element types
As shown in Figure 5.1 and 5.2, Elements can be categorised as line, surface, solid and some
special purpose elements. Apart from that, they may be of different ”order” where it refers to
the order of the function (usually a polynomial ) that describes the distribution of displacement
across the element. In most cases, the simplest elements that will give the desired information
will be much more welcome for FEA engineer as the computation time becomes costly for
elements with higher dimension or order.
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Figure 5.1: Commonly used element types in structural analysis, Figure from [108]
5.2.1 Element dimension and degrees of freedom (DOF)
A node in finite element possess degrees of freedom (DOF). Degrees of freedom are the inde-
pendent translational and rotational motions that can exist at a node. A node can posses up to
three translational and three rotational degrees of freedom in 3 dimensional simulation. Line
element can be used to modeling structure such as truss (1-D line), beam (2-D line) and shaft
(3-D line). The 1-D line element for truss structure can only transmit force along its length
because it only has 2 DOF. 2-D line element has 3 DOF per node so it can support a moment
and forces in two directions which can use to represent a beam in simulation. A 3-D line ele-
ment are more complicated as has 6 DOF per node, which can model shaft-beam structure with
moments and torques at each node in additional to forces in three directions. Elements with
more complicated geometry like triangle, quadrilateral, solid type (tetrahedral, and hexahedral)
have more DOFs.
In the FEA simulation, solid element can provides most accurate element. However, the cost of
computing a 3-dimensional problem can be expensive and the unbearable. If a 3-dimensional
structure can be considered as plane stress or plain strain case (zero magnitudes in the third
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Figure 5.2: Commonly used element types in structural analysis 2, figure form [108]
dimension), the analysis of this type of structure can be simplified by using two-dimensional
surface elements. Additionally, the axi-symmetric structure can also be simplified to 2D simu-
lation by using axi-symmetric boundary and axi-symmetric surface element. This model tech-
nique was widely used in this article as most designs presented in this thesis are axi-symmetric
structure. The main advantage of 2D axi-symetric surface element is that it can provide an
accurate simulation result with less computing time. Surface element (shell) can be used in 3
dimensional simulation if the structure belongs to thin-walled structure, where the stress gradi-
ent along the thickness can be ignored.
5.2.2 Element order
As shown in Figure 5.1, high order elements (such as 8-node quadrilateral, 6-node triangular
surface element) can have curved boundaries, while linear elements (such as 4-node quadrilat-
eral, 3-node triangular surface element) must have straight boundaries. The former have better
ability to conform to geometric contours of complex parts and can handle steeper stress gra-
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dients. However, higher element order is more computationally expensive. It is reasonable to
try modeling a part with linear elements initially to acquire the approximate stress pattern, then
optimised the model with higher order elements in the critical area.
The linear triangular or tetrahedral element has a limitation. Strain is computed by differen-
tiating the displacement function in the element. The displacement function across the linear
triangular element is a straight line and the strain is constant. Because this would lead to the
stresses calculation is less accurate, linear triangular or tet element should be avoided to be
used in the critical area of the FEA model. The better estimation of stress is using a 4-node
quadrilateral (quad) or 8-nodes hexahedral (brick) element, which has a linear strain across the
elements. However, sometime it can be difficult to mesh a part entirely with quads and bricks el-
ements only, particular for some odd-shaped parts. If triangular or tet elements are unavoidable
in the critical area, higher order elements (with more nodes) such as 6-node triangular element
(quadratic triangles) and 10 nodes tet element can be used. These higher order elements can
give better stress approximation than their lower-order counterparts and have been shown to be
as good as linear 4 node quad and 8-node brick.
5.3 Meshing
Nowadays, most commercial FEA packages include automesher function which make the mesh-
ing process much more easier than the early FEA codes. For a part with complex shape, many
FEA packages can import the part geometry from a solid modeling CAD program and then
mesh the part automatically. For 2D modeling, automesher could mesh the part dominated by
linear quads elements to assure the simulation accuracy. For 3D modeling, many automeshers
can only mesh the models with tetrahedral elements. As this type of element might not be sat-
isfactory in some case, high order tets should be consider or FEA engineer can manually mesh
the part with a combination of 8-node bricks and 6-node wedges. Manual meshing requires
more effort and time than the automeshing but may be essential to obtain good result.
Ordinarily in the early stage of the product development, automesher is used initially due to the
faster speed of process. Though the absolute numbers may be less accurate, one can compare
the alternate designs based on automeshed FEA result. Early in a design process, it is better
to get less accurate information rapidly in order to determine if the design is feasible before
spending a lot of time to found that the concept is not viable. When a design settle down, more
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effort can be spent on generating a better mesh and getting more accurate simulation for the
final design.
To minimise the computation time, coarse mesh can be assigned to the insignificant region
where the stress gradient in the part is small. The coarse mesh can yield adequate result for
such region. In the regions where the stress gradient is high, such as the stress concentration
area, loading area, or boundary conditions, a finer mesh is needed to capture the stress variation.
Varying the mesh density over the model is called mesh refinement which is essential technique
for the stress concentration problem.
5.4 Boundary conditions
Boundary conditions (BC) are used to constrain the DOF of the specified nodes in FEA model,
which realistically represents the constraints on a real part. It is important to define the boundary
condition as it can significantly affect the simulation outcome. The nodes of a 2-D plane stress
quad each have 2 translational DOF, and those of 3-D brick has 3 translational DOF. Shell or
line elements can also have rotational DOF at their nodes. External constraints are applied
to nodes of the model. At minimum, enough constraints must be applied to remove all the
kinematic DOF of the part and put it in static equilibrium. In addition, the physical connections
of the part to its neighbour in the assembly must be modeled as closely as possible.
BCs should neither over-constrain the model nor allow deformations that would not occurred
in reality. A physical constraint will never have infinite stiffness, however, when a node is
specified that it cannot move in an FEA model, it becomes infinitely stiff in the computation.
This introduces an exaggerated error in the simulation result on the nodes where inappropri-
ate boundary conditions were applied. If too few BC are applied, the system will be under-
constrained and the computation would be terminated. If too many BC are applied, the system
is over-constrained and the stress value would not be correct as the model would be too stiff.
5.5 Applying loads
Properly applying loads to a FEA model is a similar problem to that of applying boundary
conditions correctly. In a classic closed-form calculation, load is usually simplified as a force
applied at a point. This could be done but not recommended in FEA as a load applied at a single
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node would result in local infinite stress which is not reliable. Distributing a specified load with
loading function is a more reasonable approach to prevent the stress singularity.
5.6 Verification and explicit solver
The application of FEA has became relatively easy because of the availability of commercial
packages. It is easy to obtain FEA result that looks reasonable but result still needs to be
verified. The verification can be performed by comparing the simulation result with the ex-
perimental observation. Alternatively, hand calculation can be used to assess the FEA model.
The approximation can be improved by using more elements of smaller size at the expense of
increased computing time. With present computer speeds (which will continue to increase in
future) this is less of a problem than in the early days of FEA.
Part of the analyst’s problem is to optimise the trade-off between accuracy and computation
time. Most linear simulation can be solved by the standard FEA code presented at the begin-
ning of this chapter with high accuracy if the model is build properly. This kind of standard
code is also named implicit solver which is capable to analyse linear and nonlinear static prob-
lem. However, for some complex FEA problems especially nonlinear and large deformation
simulation, using implicit solver can still result in long computing times even on powerful
computers. The computation usually terminated due to the nonlinearity. For larger deformation
and non-linear problem, explicit solver had been shown effective to prevent convergence issue
(as shown in Figure 2.25 in Chapter 2). The explicit solver has following advantages [109]:
• It has been designed to solve highly discontinuous, high-speed dynamic problems effi-
ciently.
• It has a very robust contact algorithm that does not add a additional degrees of freedom
to the model.
• It does not require as much disk space as standard solver for large problems, and it often
provides a more efficient solution for large deformation analysis.
• To develop a compact opposed-anvil cell with spherical sapphire anvils.
• It contains many capabilities that make it easy to simulate quasi-static problems.
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The explicit solver is often used when efficient solution is difficult/impossible to obtain by
standard (implicit) solver if there are significant discontinuities in the FEA model. This cir-
cumstance occurred in this PhD project, which is presented in chapter 9, section 6.
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Helium Gas Pressure Cell for MPMS
SQUID magnetometer
This chapter presents the development of a high pressure cell for magnetic susceptibility mea-
surements on pressure sensitive materials at high temperature (300-400 K) in a MPMS SQUID
magnetometer. Unlike to the conventional piston cylinder cell, the pressure inside this cell is
driven by compressed helium gas to obtain precision pressure control. As the operation of com-
pressed gas poses a potential safety hazard, this chapter focuses on the engineering design of
the gas pressure cell with detailed stress calculations to assure safety. Measurement data for
a newly developed spin-crossover nanoparticles (SCONPs) material is attached to demonstrate
the data quality.
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6.1 Design motivation
Figure 6.1: Plots of magnetic moment χM versus temperature for (open squares) refer to the
pure sample without any Znπ doping [110].
The motivation for this cell was provided initially by research collaborators in the School of
Chemistry, with the aim of performing high temperature magnetic measurements on new syn-
thetic ferromagnetic material [FE(HTrz)2(Trz)](BF4)n [110],which is an example of a spin-
crossover (SCO) material. These octahedral coordination compounds with electronic configu-
ration from d4 to d7 have received much attention in recent years due to this unique transition
between the high-spin (HS) and low-spin (LS) state [111] . The spin state, and consequently
the apparent colour, dimensions, and magnetic properties of these SCO systems can be tuned
through external stimuli such as temperature, pressure, exposure to radiation, magnetic fields,
and the absorption of auxiliary materials. Some SCO compounds exhibit abrupt transitions
with hysteresis (magnetic memory) effects, offering some promising opportunities for applica-
tions in information processing, data storage, molecular switches, and display devices [112].
SCO materials usually need to be prepared at the nanometer scale for integration into func-
tional devices, such materials are referred to as spin-crossover nanoparticles (SCONPs). The
sample considered here, [FE(HTrz)2(Trz)](BF4)n, is a recently developed SCONPs material
synthesised by Titos-Padilla and co-workers [110]. It was found to exhibit an abrupt transition
with large thermal hysteresis centred close to room temperature as shown in Figure 6.1 curve
No.1. The magnetic hysteresis loop is found between 300 K and 400 K in ambient pressure.
However, the pressure dependence of this hysteresis loop as yet to be characterised, partly due
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to lack of instrumentation. The pressure cell presented here was designed to allow this pressure
dependence to be understood.
6.2 Design
Figure 6.2: The measurement result of the [FE(HTrz)2(Trz)](BF4)n sample in a piston-cylinder
cell. Magnetic moment versus temperature, black line is before pressurisation, red
line is the result of the pressurization data at 1 Kbar (100 MPa). The sample experi-
ences temperature cycle from 300 K to 400 K, then cool down from 400 K to 300 K.
From the figure, the hysteresis loop is totally suppressed at 1 Kbar (100 MPa).
The sample was loaded into a TM-DAC [11] and a piston cylinder cell for magnetic measure-
ment under pressure in MPMSr. However, the measurement result in Figure 6.2 shows that
this material is extremely sensitive to pressure and the magnetic hysteresis loop was totally sup-
pressed even with the minimum controllable pressure (100 MPa) in the piston cylinder cell. The
traditional piston cylinder cell is not workable for this specific sample. A specially designed
cell with more precise pressure control below 100 MPa is required for an accurate measurement
of the transition.
As the pressure range expected to be needed for this type of experiment is relatively low
(<100 MPa) and the controlled application is of the utmost concern, a gas pressure cell is
the ideal option. Such a cell can be connected to an external gas pressure system or regulator
through a long capillary. The internal pressure can be adjusted and monitored carefully through
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such a setup. However, because liquid helium is used for cooling the SQUID, it is best to use
helium gas as the medium in the cell as if leakage occurs, the leaked helium gas would not
contaminate the sample chamber of the SQUID. Apart from that the pressure applied on the
sample is hydrostatic.
Figure 6.3: The configuration of the helium gas pressure cell with key dimensions. The red
diagram represents the pick-up coils in SQUID.
The design is shown in Figure 6.3, the cell is a long cylindrical body with 125 mm length and
8.5 mm diameter to fit the sample chamber of the SQUID magnetometer. The cell consists of
two main components, a cylindrical body and a plug, both of which are made of fully hardened
BeCu alloy (BERYLCO 25, yield strength 1.2 GPa) from NGK [15]. A soft copper ring is
placed between the plug and the cell body as immobile seal. The plug needs to be turned
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forcibly to deform the copper ring and create a sealed environment. The cell is connected to
an external compressor or pressure regulator by means of a steel capillary. An olive shape seal
is used between the cell and the capillary not shown in Figure 6.3. The M5 nut on the top is
used to deform the olive and create a seal. For fast fabrication, the capillary, olive seal and the
M5 nut are commercial standard products and made from steel. The sample is contained in a
PTFE capsule for easy loading. In order to avoid interference when measuring, the cell body
is designed to be a long cylinder with the sample placed at the bottom of the cell. With this
setting, only the sample area of the cell can be scanned in dc measurement. The effect of an
asymmetric layout can be ignored if the sample is a strong ferromagnet. The wall thickness of
the cell is much thinner than conventional piston cylinder cell, partly due to the low pressure
range requirement. In addition, a thinner wall enables the cell to include more sample volume,
which is beneficial for magnetic measurements. However, the thickness of the wall needs to be
carefully examined because the use of compressed helium gas increases the operational risk.
Therefore, to insure safety for the user and the SQUID magnetometer, the design is verified in
FEA simulation as shown in following section.
6.3 Stress analysis through FEA
The classical closed-form analysis presented in Chapter 4 has shown that the internal bore of
the cell is the most concerned area. The finite element method can calculate the stress not only
limited to the internal bore but also cover all the the other areas included the potential stress
concentration areas, in location such as the neck of the cell body and the thread. The stress
contour is more intuitive then the classical closed-form calculation. Apart from that, thermal
effects on the cell can be simulated in the FEA package together. Finite element analysis is used
here to calculate the static stresses and thermal effects together. The distortion-energy failure
theory (Von Mises-Hencky theory) [92] is used as failure criterion for the bore which means
that any yield at the bore is not acceptable and will be considered failure. Therefore, equivalent
stress on the cell is examined when the cell is load to 100 MPa pressure.
6.3.1 FEA model
First of all, the model is as shown in Figure 6.4. As the geometry of the cell is symmetric and
rather simple, a 3D assembly model including the three main parts of the cell (M5 nut, body and
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plug) is created in SolidEdger [113] and then introduced in ANSYS [114] for Finite element
analysis. Due to the extreme computing resources needed for a 3D model with contacts, half of
the model is simulated to save computing time and symmetric boundary conditions are applied
at the cutting plane as shown in Figure 6.4. Both M7×0.5 and M5×0.5 threads are modeled in
the analysis. A100 MPa internal pressure is applied to the bore of the cell and the two surfaces
on the plug. The axial movement of model is constrained by fixing the axial displacement on
the curved surface of the M5 nut (the stress on this surface is not likely to be accurate due to this
boundary conditions). The mesh of the model is shown in Figure 6.5, sweep mesh technique is
used to mesh the model with hexahedron element as much as possible to improve the accuracy.
Only the areas with irregular geometry are meshed with tetrahedron elements but with higher
mesh density.
Figure 6.4: The section view of the helium gas cell (top) and the enlarge views of the specific
areas (bottom). Red arrows point to the areas where the loading (pressure) is
applied. The curved surface (the area indicated by the blue arrow) on the M5 nut
is fixed with a fixed boundary condition to constraint the movement of the cell in the
FEA simulation. Apart from that, the symmetrical section surface is also defined
with a symmetry boundary condition.
Bilinear model as shown in Table 6.1 is defined to the mechanical properties of the BERYLCO 25
and stainless steel, strain hardening is not considered here as the cell is strictly designed to work
in elastic region. The thermal expansion coefficient and density of the materials are also defined
in the FEA codes to calculate the stress at 400 K temperature.
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BERYLCO 25 123 0.3 1200 9.7 8250
Stainless Steel 200 0.3 250 12 7850
Table 6.1: The mechanical properties of stainless steel [114] and BeCu alloy [15].
6.3.2 Stress analysis
Figure 6.6 and Figure 6.7 show the equivalent stress of the cell when the cell subjects to
100 MPa internal pressure at room temperature conditions (300 K). The equivalent stress on
the plug as shown in Figure 6.6 is concentrated on the first two screw thread and the maximum
value is between 259 to 292 MPa which is far below to the yield strength of BERYLCO 25. On
the M5 nut, the peak value 61.9 MPa is likely an artifact of the sharp edge in the model because
of the applied symmetry boundary conditions. Instead, the maximum value is more likely to be
around 37 MPa which is also below than the yield point of stainless steel.
Figure 6.7 shows the equivalent stress distribution on the cell body. The equivalent stress at the
bore is around 265 MPa which is in a safe level. The stress rises up to 320–423 MPa at the
neck corner due to the abrupt geometry change. The stress level on the M5 thread is trivial,
whereas the stresses in the M7 thread rise up to 295 MPa at the first turn of the thread. The
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Figure 6.6: Equivalent stress of Plug (left) and M5 nut (right) at 300 K.
overall design factor of this cell is 2.8 which calculated by dividing the material yield strength
of BeCu (1.2 GPa) to the maximal equivalent stress (423 MPa) at the neck corner.
The FEA model can be verified with a hand calculation based on Equation 4.15. When the





















Substituting the following values to the above equations, a=2.5 mm, b=4.25 mm, Pi=100 MPa,
r=a=2.5 mm, the 3 principle stresses on one point of the internal surface, the three stress tensors
are available as: σt=205.82 MPa, σr=-100 MPa, σa=52.91 MPa
According to the sign convention of the principle stress in elasticity, algebraically largest=σ1,
algebraically smallest=σ3, and other=σ2. then
σ1 = σt, σ2 = σa, σ3 = σr
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Figure 6.7: Equivalent stress distribution of the cell body at 300 K.












The calculated the equivalent stress agrees well with the simulation result shown in Figure 6.7,
which shows the FEA model is very reliable and accurate.
Equivalent stress at 400 K
The temperature is raised from 300 K to 400 K in the simulation to investigate if any thermally
induced stress could affect the stress distribution. The stress distribution of the plug and cell
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body was hardly affected at high temperature (400 K) as shown in Figure 6.8 and Figure 6.9.
Since both cell body and plug are both made of the same material with identical thermal expan-
sion coefficient, the equivalent stress nearly remain as in room temperature. A couple of stress
points on the M5 thread on the cell body are increased to 62-74 MPa, which is believed to be
caused by the different thermal expansion coefficient of steel and BeCu. However, the stress
level on this area is still insignificant.
The stresses on the M5 nut (Figure 6.8) change substantially particular at the curve suface,
which is conspicuous and unreliable because the fix boundary conditions was applied on this
area. The thermal expansion at this nodes would result high thermal-induced stress due to the
constrains. This is the main pitfall of this FEA model which needs to be addressed in future
work. Apart from the area with fixed boundary condition, the thread on the M5 nut is free to
deform under high temperature. While the stress change on the M5 thread is considerable and
reliable, it is still far lower than the yield strength of stainless steel.
Figure 6.8: Equivalent stress of Plug (left) and M5 nut (right) at 400 K.
6.4 Magnetic measurement
Figure 6.10 (a) shows the assembled cell and sample rod of the MPMS SQUID magnetometer.
The SCONPs powder sample is loaded in to a PTFE capsule which is punched with holes to
allow passage for the pressure medium. After sample is prepared, it is loaded into the bottom of
the cell. Finally, the M5 nut is screwed to deform the olive seal to fill the gap between capillary
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Figure 6.9: Equivalent stress distribution of the cell body at 400 K.
and the cell body. The cell needs to be pumped in with helium gas at low pressure and released
several times to purge air from the cell assembly. After all preliminary measures are completed,
the cell can be pressurised by a helium gas cylinder through a pressure regulator, which is used
to apply and monitor gas pressure. The cell, at the desired pressure, is then inserted into the
magnetometer for dc measurement, as described in Chapter 3.
The measurement data is shown in Figure 6.10 (b). The pressure study was limited to less than
180 bar (18 MPa) which is the maximum output of the regulator. As a large amount of sample
was loaded into the cell and due to the strong sample magnetic signal, background correction
was not needed in this measurement. Even though the full pressure capacity of the cell had
not been reached, the high pressure magnetic measurements have shown the pressure effect on
the sample very clearly. At ambient pressure, the cell and the sample were heated from room
temperature to around 400 K, the magnetic signal at 390K dramatically rose, indicating spin-
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Figure 6.10: (a) The assemble of the cell before insert into the SQUID magnetometer, (b) pres-
sure effect on the hysteresis loop up to200 bar (20 MPa).
crossover behaviour. Then the sample were cooled down to 320 K gradually, with the magnetic
signal dropping abruptly at 335 K and further decreasing to room temperature. The thermal
cycle was repeated with 5 increasing pressure steps at 50 bar (5 MPa), 80 bar (8 MPa), 120 bar
(12 MPa), and 180 bar (18 MPa). The thermal hysteresis loop was found to move right-down
and shrank as pressure increased. As a result, it was determined that the spin state of this
material can be tuned in a controllable manner through application of pressure.
6.5 Future work
A helium gas pressure cell has been developed for magnetic measurements on pressure sensitive
materials. The pressure capacity of the gas cell was confirmed in commercial FEA package
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at room temperature and 400 K high temperature condition. The external gas driven design
can provide precision pressure control inside the cell, which is particular suitable for magnetic
study of pressure-sensitive material. In addition, high quality data can be collected from the cell
because of its large available sample volume. A helium gas compressor with higher pressure
output close to 100 MPa is needed if user requires higher gas pressures in future.
Several further improvements can be made. The magnetic parts of the cell (the steel capillary,
steel seal and steel nut) can be replaced by non-magnetic material to avoid interference and
make the centering process of this cell easier. In FEA stress analysis, the maximum pressure
capability of the cell is around 300 MPa, determined by the point where the internal surface
starts to yield. The pressure capability and safety of the cell can be increased with conventional
cylinder cell methods as shown in Chapter 4, such as increased wall thickness, double cylinder
layers or autofrettage. However, these techniques will reduce the internal diameter of the cell
and the sample volume will be decreased as consequence. From the point of view of safety
consideration, if user requires pressure higher than 100 MPa, it seems that a conventional piston
cylinder cell may be a better solution. These piston cylinder cells have been fully developed for
SQUID magnetometer and have been described in Chapter 2.
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Chapter 7
Turnbuckle Diamond Anvil Cell for
Sub-K Low Temperature Magnetic
Measurement
In this chapter, the development of a turnbuckle diamond anvil cell is presented to enable
high pressure magnetic measurements in a iHelium3 system, which is a sub-system of MPMS
SQUID magnetometer allowing temperatures close to 0.5 K to be achieved. Based on turn-
buckle principle, this diamond anvil cell design is an further development of the existing TM-
DAC which has been described in Chapter 2 and Chapter 4. The external diameter of the cell
is reduced to 6 mm, overall length remain 7 mm. The cell is probably the smallest diamond
anvil cell to date. This chapter presents the engineering design process associated with this
cell and preliminary magnetic measurements for which it was applied. Possibilities for further
improvements are discussed at the end of the chapter.
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7.1 Design motivation
The development of this cell is collaborated with Hearn’s research group in University of Jo-
hannesburg to develop a high pressure cell for extreme low temperature (below 1 K) magnetic
measurement in the iHelium3 system. As described in Chapter 3 (Figure 3.4), the system is ca-
pable to extend the minimum temperature of the SQUID magnetometer down to 0.5 K and has
been used to measure several magnetic samples with superconducting transition below 2 K. Be-
cause the extreme limited space inside the 3He insert (OD<6.4mm) , there is no high pressure
instrument that has been developed for use with the iHelium3 system so far.
Apparently, the idea of TM-DAC is an optimal solution to address the challenges in the iHe-
lium 3 system. However, the cell needs to be made even smaller to fit the 3He insert which
could compromise the strength of the cell body and pressure performance. Apart from that,
the BeCu alloy used in TM-DAC contains impurities of Ni, Co and Fe which contribute to the
rising background signal from the cell at low temperature (as shown in Figure 2.1 in Chapter 2).
This magnetic background signal would increases more dramatically as temperature decreases
further below 2 K in the 3He system. Lower background alloy is preferable for the cell.
7.2 Design
7.2.1 Cell Design
Figure 7.1: (a) Quarter-section view of TM-3He-DAC; (b) the CAD drawing with main dimen-
sions
The modified turnbuckle diamond anvil cell developed in this project is coded as TM-3He-
DAC to distinguish with the origin of TM-DAC [11]. In order to fit the cell into the limited
100
Turnbuckle Diamond Anvil Cell for Sub-K Low Temperature Magnetic Measurement
space in the 3He insert and reduce magnetic background from the cell as much as possible,
the dimensions of the cell are minimised as shown in figure 7.1, the external diameter of the
cell is reduced to 6 mm, overall length remain 7 mm. Hexagonal counter bores are milled on
the end-nut to remove as much material as possible to reduce the magnetic background. The
end-nuts are identical apart from having the external M4.5×0.5 fine threads cut in opposite
directions. An observation hole with 1 mm diameter is drilled on the end-nuts for observation
and pressure measurement at room temperature. The four side holes are used to observe the
lateral anvils alignment. Standard 2.5 mm diameter diamond anvils with 800 µm culets from
Almax·easyLab [29] are used in the cell. High purity BeCu alloy was considered to make
the cell but abandoned because high purity BeCu alloy is toxic. Instead, non-magnetic alloy
CuTi is used in fabrication, as it had been seen to have lower magnetic background and good
mechanical properties. However, the pressure capability of this cell is likely to be lower as the
dimension of the cell is smaller and the strength of the CuTi alloy is lower than the hardened
BeCu.
7.2.2 Clamp design
Figure 7.2: Virtual assemblies of the TM-3He-DAC and the accessory screws-clamp, (a) over-
all view, (b) section view, (c) enlarged-section view of the cell.
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This cell is operated the same way as the TM-DAC described in Chapter 4, but it is also de-
signed to work with a specially designed clamp for those users who doesn’t have a hydraulic
press and a load cell. As shown in Figure 7.2, a screw-clamp device was designed to applied
load to the TM-3He-DAC. This auxiliary device is inspired by conventional Merrill-Basset cell
design [115] and enables the user to apply load through turning the screw by allen key. After
the cell is loaded with sample and placed between the plates, the compression on the end-nuts
is generated by turning each screw one by one gradually followed by the turnbuckle cell body
being tightened to lock the pressure. The holes on the clamp provide optical access to the sam-
ple and enable monitoring of the pressure by ruby fluorescence directly. This design is much
more compact and a hydraulic press is no longer needed. However, if user intends to use hy-
draulic press and a load cell to record the actual compressive force on the cell, the screws can
be removed and the load can applied on the clamp directly as it is working as a bracket as the
old bracket system with a load cell underneath.
7.3 Stress analysis through FEA
7.3.1 Mechanical Properties of CuTi alloy
As described in Chapter 2, CuTi alloy has proved an ideal alloy for high pressure instrumen-
tation for magnetic measurement due to its extremely low magnetic background [21, 38]. The
tensile strength of this alloy is around 680 MPa-1000 MPa [21, 38, 116]. However, the material
strength is determined by the supplier. The CuTi alloy for our cell was provided by Testbourne
Ltd (UK) [117] and its tensile strength is around 680 MPa based on our hardness testing, which
is comparable to the literatures result [21, 38, 116]. The alloy was not fully hardened to ideal
strength (1000 MPa) by cold rolling hardening [116]. Another disadvantage of this alloy is
the price of this alloy is much higher then BeCu alloy because it is not commercialised at the
moment.
Based on our previous experience of TM-DAC, distortion energy theory is too conservative for
the failure criterion in this type of cell. This mainly because plastic deformation is foreseeable
due to the sharp angle of at the back of the diamond. This geometry would inevitable lead
to high stress concentration on the anvil support area and indentation mark usually occur. As
most of cell still hold the pressure even with minor indentation on the end-nut, this kind of
permanent deformation is not considered failure. However, as the CuTi alloy is weaker than
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BeCu alloy, the indentation on the end nut would be more obvious than the TM-DAC. To have
better simulation result, tri-linear stress-strain model as shown in Figure 7.3 is used to defined
the CuTi material in FEA. This strain hardening idealisation is based on experimental tensile
test data from Nagarjuna et al. [116]. The material is expected to strain harden up to 680 MPa
with 0.2164 plastic strain. Based on this strain hardening idealisation, the equivalent stress in
the simulation will not be higher than 680 MPa.
Figure 7.3: Mechanical properties of CuTi in FEA simulation
7.3.2 FEA model
Diamond failure is very rare from previous experience in TM-DAC due to its superior strength,
which makes it an ideal anvil material. Therefore, the mechanical properties of diamond is
defied as elastic, E=1208 GPa, ν=0.07 [60]. The meshed FEA model and the boundary and
loading conditions are shown in Figure 7.4. Since the cell is fully symmetric, the FEA model is
simplified to a 2D axis-symmetry problem to save computing time with the following boundary
condition and loading. A symmetry BC (UY =0) is applied on the symmetry surface as shown
in the figure. In addition, a compressive force is applied to the culet of the anvil to represent
the reaction force from the squeezed sample and the deformed gasket. Quadrilateral elements
are meshed in the model to increase mesh quality, whilst the mesh density is increased at the
threaded area which is the main concerned area.
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Figure 7.4: FEA model of TM-3He-DAC
7.3.3 Stress analysis
In the simulation results shown in Figure 7.5, the cell structure starts to have structural issues
when the anvil is subject to 3 kN load. On the end-nut, appreciable plastic deformation is
present on the area supporting the diamond anvil and is mainly caused by the sharp edge on the
taper of the standard diamond. The analysis result indicates 3 dangerous areas on the cell when
the load reaches 3 kN. The girdle edges of the diamond lead to insufficient support and sharp
geometry change, which produces excessive equivalent stress concentrated on the end-nut (area
A in the Figure 7.5) or alternately, the anvil indents into the end-nut. Shear failure modes could
occur here potentially based on the deformation trend. However, the stress concentration on this
area seems unavoidable if the standard 2.5 mm diamond geometries are used. In the meantime,
the back of the anvil support (B) bulges significantly and the tensile stress accumulation can
potentially lead to cracking. In addition, cracking could also occur at the root of the first two
turns of the thread on the cell body (area C) as the tensile stress level on this area reaches critical
value. The most possible fatal area is B as if this area fail, the anvil can possibly lose support
and will not retain pressure. Area A is less likely to fail instantly based on the ductile feature
of the material, the material could elongate 30% before fracture in the tensile test. On the other
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Figure 7.5: Equivalent stress (left) and max principle stress (right) distributions on the struc-
ture of the cell when the anvil subject to 3 kN load.
hand, failure on area C is less dangerous because the rest of thread will take up the load if
first turn of the thread yield or shears off. Therefore, the deformation on the end-nut needs
to be checked carefully during pressurisation. 3 kN here is considered the maximum load the
cell structure can bear and is equivalent to average pressure 6 GPa on the anvil with 800µm
culet. However, the attainable pressure is not consistent with this rough calculation. The actual
attainable pressure highly relies on the gasket material, sample hole, pressure medium, which
needs to be assessed in a prototype test.
7.4 Pressurisation test
The prototype of both cell and clamp are made as shown in Figure 7.6. The cell is constructed
from Cu-Ti 97/3 wt % rod [117] and most of the clamp components are made of steel. The
only major exception to this is the backing discs which is made of BeCu alloy. Because these
backing discs contact the cell directly, it is necessary to prevent the cell from contamination by
ferromagnetic substances. Three standard M6 bolts are used for load application. A 5.5 mm
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Figure 7.6: (a) TM-3He-DAC; (b) the full assembly of the cell; (c) disassembly
small spanner is used to turn the cell body and lock the pressure after the loading is complete.
Even though this loading procedure is designed to avoid a hydraulic press, it is still workable
in a hydraulic press as a bracket if screws are removed. In addition, the cell design is also com-
patible to the old loading system with a hydraulic press and load cell as shown in Figure 4.16.
In pressurisation test, the cell was tested with two pressure cycles to assess the pressure per-
formance. In the first pressure cycle, the cell was pressurised using the clamp with a hydraulic
press and a load cell to record the load and investigate the pressure variation at low temperature.
The second pressure cycle was tested with the screw-driven concept for verification.
In the first test, the clamp is loaded with a hydraulic press instead of screws. The cell is pres-
surised at room temperature (300 K), as shown in Figure 7.8, ruby and Pb manometer are loaded
into the sample hole of a BeCu gasket with Daphne 7373 oil used as the pressure transmitting
medium. The maximum pressure was tested up to 3.8 GPa with 3.2 kN load in the first pressure
cycle. Based on the result of the first test, the relation of load and accessible pressure is plotted
in Figure 7.7, which shows that the load and pressure are almost linearly related. Then the
pressure was released and the cell was disassembled for damage checking. No crack failure
was found on the thread, and no sign of failure on the anvil backing area of the end-nut.
The first four pressure points (ambient, 1.5 GPa, 2.5 GPa, 3.5 GPa) at room temperature were
measured by ruby fluorescence as shown in Figure 7.8. The pressure is determined by the
shift of the R1 fluorescent peak, the wavelength of the peak was converted by the Lab-Ram
program based on the Equation 4.27. At each pressure point, the pressure was calibrated at
106
Turnbuckle Diamond Anvil Cell for Sub-K Low Temperature Magnetic Measurement
Figure 7.7: The load and accessible pressure line.
low temperature to investigate the variation of pressure at low temperature. The pressure at
low temperature was measured through the MPMS SQUID magnetometer. Low temperature
pressure was determined by measuring the critical temperature (Tc) of Pb manometer. As
shown in Figure 7.9, the magnetic phase transition of Pb at low temperature can be seen even
without the background correction. The mid-point of the temperature transition was chosen
to be the Tc. The corresponding pressure at low temperature can be calculated based on the
Equation 4.25. Based on the calibration line in Figure 7.10, the pressure variation within four
pressure point is trivial and can be neglected.
In the second pressure cycle, a new gasket was replaced for second pressurisation test with
the screw-driven concept as shown in Figure 7.6 (b) to verify the screw loading. The main
disadvantage with the screw loading is that the force could not be recorded with such set up.
In the second presssurisation test, maximum sample pressure achieved 4.8 GPa in which the
corresponding load can be estimated around 3940 N based on the linear relation of the force
and pressure (Figure 7.7). In this test, the cell was overloaded to 130% of the maximum allow-
able load and without any catastrophic failure occur such as crack. After pressure was released,
the cell was disassembled and checked under a microscope. Appreciable bulge deformation
(Figure 7.11 (a)) and indentation (Figure 7.11 (b-c)) were observed on the end-nut. These de-
formation agree with the simulation result (Figure 7.5), further loading the cell can accumulate
high level of tensile stress on the bulge area, crack can be likely to occur. Because the cell still
maintain high sample pressure with the bulge and indentation, these deformation are considered
acceptable. On the other hand, the end-nut is expendable and can be replaced if indentation start
to affect the performance of the cell.
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Figure 7.8: Observation of sample and gasket deformation under loads: (a) 1230 N ; (b)
2000 N; (c) 2710 N. The pressure readings of each load was accuried by ruby
fluorescence as shown on the right: (a) 1.5 GPa, (b) 2.5 GPa (c) 3.5 GPa, the
wavelengths of R1 peak were converted to pressure reading by the program on the
Raman spectrometer based on Equation 4.27.
7.5 Background measurements in MPMS SQUID magnetometer
and iHelium 3 system
The empty TM-3He-DAC cell was firstly measured in MPMS SQUID magnetometer in order to
assess the magnetic background. 100 Oe field was applied on the cell and the measurement was
performed from 1.9 K to 300 K to acquire the background signal. The magnetic background
of the TM-3He-DAC is compared to the predecessor TM-DAC as shown in Figure 7.12. The
magnetic background of the TM-3He-DAC is generally less than the TM-DAC, almost half of
the TM-DAC value in the range from 25 K-300 K. Therefore the sensitivity of this cell is higher
with its lower background feature. However, both cells shows a low temperature upturn due
to the material impurity. The CuTi used for the TM-3He-DAC is reported contain 0.0021% Fe
by the supplier. Apart form that, the BeCu gasket in used also contain 0.6% of Co, Ni and Fe
element. These impurity contributes the majority of the signal at low temperature. Even though,
108
Turnbuckle Diamond Anvil Cell for Sub-K Low Temperature Magnetic Measurement
Figure 7.9: The pressure of the TM-3He-DAC at low temperature was calculated by measur-
ing the superconducting transition temperature Tc of Pb, which is based on the
equation 4.25 from Eiling and Schillings publication [25].
at the lowest temperature available in SQUID magnetometer, the magnetic signal of the TM-
3He-DAC still lower than TM-DACs magnetic background signal. Based on the tendency of
magnetisation curve, the background of the cell would be more significant at lower temperature
range which is displayed in Figure 7.13.
Figure 7.13 shows background signal of the empty TM-3He-DAC at sub-K range (T<2 K)
which was measured in the iHelium3 system. With the cell, the 3He system is still capable to
stabilised at the base temperature (490 mK). As anticipation, Figure 7.13 shows the magnetic
background of the cell was further increased when the cell was cool down below 2 K. However,
the magnetisation curve is still very smooth which shows that the cell still capable to probe
superconductivity behaviour at the sub-K temperature range. As shown in Figure 7.14, field
measurement also carried out on the cell to investigate the magnetic background behavior of
the cell. At four isothermal low temperature (0.526 K, 0.552 K, 0.982 K and 1.116 K), the
magnetsation of the cell is measured with increasing magnetic field. The magnetisation curve
is also smooth and almost temperature independent at high filed environment.
Figure 7.15, Figure 7.16 and Figure 7.17 show how the cell was installed into the 3He insert of
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Figure 7.10: The calibration line of pressure at room temperature and low temperature, which
shows PPb≈1.08 PRuby, the pressure variation is trivial and can be ignored.
the iHelium3 system. Figure 7.16 shows how the cell was loaded into the straw. The thermal
conducting sheet needs to be cut with several slits in the middle, which allows the cell can be
retrieved conveniently. Then the sheet is wrap as a tube and inserted into a standard straw for
fixture. The straw needs to be cut open at the middle in advance, which is used to load the
cell. After all, the cell is loaded in to the insert from the middle of the straw and two smaller
polyimide tube are inserted from top and bottom of the straw to fix the cell in the middle of
the insert. The top polyimide tube with a connector head is used to mount the insert on the
sample rod (Figure 7.17). A thermal meter is mounted on the bottom of the polyimide tube
for temperature recording. Figure 7.16 shows that the cell can be fit in the insert without any
difficulties based on its miniature feature.
7.6 Future work
This section presented the design and testing process of turnbuckle diamond anvil cell made for
magnetic measurement at extreme low temperature environment. In the loading test, the cell is
capable to reach sample pressure close to 5 GPa without failure. The background measurement
in MPMS SQUID magnetometer shows that the background signal of the TM-3He-DAC is
less then its predecessor TM-DAC, and therefore the sensitivity of this cell is higher than the
TM-DAC. This unique feature shows that the cell is ideal to probe magnetic signature of weak
magnetic material. In addition, the smooth magnetic signature of the empty cell allows the
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Figure 7.11: (a) Bulge area of the end-nut; the indentation of the anvil support area on the (b)
top end-nut and (c) bottom end-nut.
cell to be also used to probe high-pressure superconductivity behaviour of material at sub-K
temperature.
The rising background at low temperature in the background measurement shows that the im-
purity level of the CuTi alloy needs to be further reduced in future. The impurity of CuTi alloy
currently in use is reported with 0.0021 % Fe contaminant, this impurity can be further reduced
to 0.001% with the same supplier in UK [117]. The future version of TM-3He-DAC and the
gasket should be made of the CuTi alloy with lower iron contaminant to reduce the background
signal.
Apart from the purity perspective, the strength of the alloy as it was reported can be increased
more than 30% by cold rolling process [116]. If this was done, the pressure capability of the
cell can increase significantly. With the current available material, the indentation and bulge as
shown in Figure 7.4, can be mitigated by enlarging the anvil support area, such as grinding off
the sharp taper of the standard diamond or using a larger diamond. The cost of this approach
will increase substantially. Alternatively, increasing the thickness of the anvil seat could be a
more economic way but with the cost of slightly higher magnetic background.To validate this,
the original FEA model shown in Figure 7.4) was modified. The thickness of the anvil seat
was increased with 0.5 mm as shown in Figure 7.18. Under the same load (3 kN), a 0.5 mm
extra thickness (second design shown in Figure 7.18) on the anvil seat can offer a more robust
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Figure 7.12: The temperature dependence of the magnetisation of empty TM-3He-DAC and
TM-DAC, the magnetisations data of each case is normalised as χ = M/H for
comparison. The small figure at top right shows the cell loaded in to the straw.
support. The deformation on the end-nut is much less than the original design. However,
tensile stress level still high in the first two turns of the thread at the cell body due to shear
and bending. Increasing the wall thickness of the cell body by enlarging the cell body could
mitigate the stress concentration but is not feasible when the major dimensional constrain of
iHelium3 system is considered. Nonetheless, as failure occurrences in this area are less fatal,
geometry changes on the cell body are less necessary.
Many commercial FEA packages integrate versatile shape optimisation algorithms [118] nowa-
days. This optimisation approach can be used to further optimise the end-nut design in future.
Shape optimisation is different to the conventional design approach. With conventional design
approach, the shape of a part is predefined first, then loads and boundary conditions are applied
on the part in FEA. When the simulation is finished, the results (deformation or stress/strain)
are checked to see if they meet the design constraints or not. If results are not satisfied, the orig-
inal design is modified for next simulation. Iteration will continue until the simulation provides
the final optimal result. With shape optimisation, the loads, boundary conditions and design
constrains of the part are defined first. Then designer can specify what space the part has to
fit into before running the simulation. After the simulation finished, the software package can
provide the best shape to satisfy constraints like minimum weight or maximum stiffness. In
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Figure 7.13: The temperature dependence of the magnetisation of empty TM-3He-DAC in the
temperature range 0.5 K to 2 K. 2 different field were applied, the magnetisations
data of each case is normalised as χ = M/H .
the case of the end-nut design, if the maximum allowable deformation of the end-nut can be
defined, with the minimum weight constrains, the optimal thickness of the anvil seat end-nut
can be obtained through shape optimisation approach.
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Figure 7.14: The field dependence of magnetisation of empty TM-3He-DAC at four isothermal
temperatures, the value in the bracket is the uncertainty value in temperature.
Figure 7.15: The disassembly of the 3He insert and the TM-3He-DAC.
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Figure 7.16: The thermal conducting sheet was cut with several slits which are used to mount
the cell and assist in cooling (left); The detail pictures of the loaded cell in the
straw (right).
Figure 7.17: Insert was set up and mount on the sample rod.
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Figure 7.18: Equivalent stress distributions of the original design and the second design which




Anvil Cell for Ac Magnetic
Susceptibility Measurement
The applicability of fibre-reinforced polymers for fabrication of turnbuckle diamond anvil cells
was assessed using finite element analysis and experimental testing. Performance and failure
modes for the key components of the cell working in tension and in compression were eval-
uated and the ways for optimising the designs were established. These models were used in
construction of a miniature fully non-metallic diamond anvil cell for magnetic ac susceptibil-
ity measurements in a Magnetic Property Measurement System. The cell is approximately
14 mm long, 8.5 mm in diameter and was demonstrated to reach pressures of 5.6 GPa. Ac
susceptibility data collected on Dy2O3 and U6Fe demonstrate the performance of the cell in
magnetic property measurements and confirm that there is no screening of the sample by the
environment which typically accompanies use of conventional metallic high pressure cells in
oscillating magnetic fields.
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8.1 Design motivation
As described in Chpater 2, there are some non-magnetic DACs were designed for use with the
SQUID commercial magnetometer [11, 33, 38] recently. Despite the ability of most magne-
tometers to perform magnetic measurements in both direct current (dc) or alternating current
(ac) modes [3, 14], high-pressure magnetic studies with these setups have been primarily lim-
ited to dc measurements. The reason for this is that traditional DACs are constructed using
metals and alloys, creating issues involving eddy currents and sample screening when coupled
with high-frequency ac techniques. At present, the high-pressure ac measurements are only
available in cells with built-in pick-up coils [36, 79–89]. In comparison with use of the com-
mercial magnetometer, fabrication of pick-up coils is complicated, time consuming, and can be
expensive. Nonetheless, ac measurements can yield information about magnetisation dynamics
which cannot be obtained in dc measurement. Thus, the motivation for this study was to ad-
dress challenges presented by designing an entirely non-metallic high-pressure cell which can
be used to perform such measurements in both dc and ac modes.
The presented work describes the development of a non-metallic pressure cell from the con-
cept and design to experimental testing for which a Magnetic Property Measurement System
(MPMSr) from Quantum Design [3] is used. The design adapted for the pressure cell is based
on the turnbuckle principle which has been pioneered by S. Tozer [5–9]. In this chapter, we in-
vestigate magnetic and mechanical properties of advanced composite materials, analyse failure
mechanisms of key components of the pressure cell, and optimise the design for ac susceptibil-
ity measurements. The name of the cell presented in this article is abbreviated as PTM-DAC
for plastic turnbuckle magnetic diamond anvil cell.
8.2 Material
The material used in previously reported plastic cells [8, 23] is a high strength polymer referred
to as Parmax 1200 in the US. It is the the strongest non-reinforced material to date which
exhibits excellent cryogenic performance [119, 120]. The room temperature tensile strength of
Parmax 1200 is 203 MPa, with compressive strength of 351 MPa. These values become 170
and 348 MPa at 77 K and 174 and 431 MPa at 4 K, respectively. Elongation is 4, 1.8 and 2.1 %
and Young’s modulus is 8, 9.7 and 9.8 GPa, respectively, as the temperature decreases from
ambient through to liquid nitrogen and then to liquid helium temperatures [119]. Unfortunately,
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manufacturing of this material stopped several years ago. It is hoped that the material will be
reintroduced as Tecamax SRPr by Ensigner [121] shortly. Currently, only small samples of
this material are available. The colour of the Tecamax SRP sample is black which is different
to Parmax 1200 (clear brown), which indicates that the composition of the Tecamax SRP might
be different from its predecessor. As both Parmax 1200 and Tecamax SRP are not currently













PARMAX 1200a 8 203 351 4
TECAPEEK GF30b 30% GF 9.5 180 172 2.5
TECATRON GF40b 40% GF 14 185 172 1.9
TECAPEI GF30b 30% GF 9.5 165 2
TECAMID 66 CF20b 20% CF 13.5 190 2.5
Torlon 4XG c 40% GF 6.9 159 275 4
90HMF40d 40% CF 45 330 310 1.2
Table 8.1: Major high-performance polymer materials, their composition and key mechani-
cal parameters at room temperature. The key below indicates the manufacturer, a,
Parmax material was originally made by Dow Chemical, then produced by Mis-
sissippi Polymer Technology, it is now coded as Tecamax SRPr and manufactured
by Ensinger [8, 120, 121]; b, Ensinger engineering plastic [121]; c, Quadrantplas-
tics [122]; d, Victrex Polymer [123] plastics. GF stands for glass fibre and CF
stands for carbon fibre additives to the polymer.
Mechanical properties of several high performance plastics from major engineering polymer
manufacturers such as Ensinger [121], Quadrant [122] and Victrex [123], were compared, as
shown in Table 8.1. As general grade plastic materials have quite low elastic parameters and
material strengths, introduction of glass or carbon fibre additives is a common measure to en-
hance their properties. The final selection is based on four considerations: high strength, low
magnetic background, machinability and availability. Of all candidate materials, the carbon
fibre reinforced PolyetherEtherKetone (PEEK) coded 90HMF40 from UK based company Vic-
trex [123] proved to meet these requirements best. It is a high performance thermoplastic
made with up to 40% carbon fibre and 60% PEEK. The ultimate tensile strength is reported
as 330 MPa with the compressive strength of 310 MPa. The elastic modulus of this material
(45 GPa) is substantially higher than that of other materials (Table 8.1). It was also found to
have very good machining characteristics. The low temperature performance of this material
is yet to be characterised. We measured and compared magnetisation of 90HMF40 and Teca-
max SRP, and established that at the maximum in magnetic response the Victrex product has
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approximately 40 times lower magnetic (mass) susceptibility, as can be seen in Figure 8.1.
Figure 8.1: Temperature dependence of magnetic susceptibility for Victrex 90HMF40 and
Tecamax SRP. In this figure, the arrows indicate with which axis each dataset is
associated. The data were collected in 100 Oe field.
8.3 Initial design
Our starting point was modifying the existing turnbuckle magnetic DAC (TM-DAC) [11] which
is made from BERYLCO 25 and designed for dc measurement in MPMS system. For ac mea-
surement, the metallic material in this design needs to be replaced by non-metallic material.
Moreover, unlike to the scenario of TM-3He-DAC in last chapter, the dimensions of PTM-
DAC need to be as large as possible to provide sufficient support to diamond anvils. Which is
mainly in the view of the 90HMF40 plastic is far weaker than BERYLCO 25 or CuTi alloy.
As shown in Figure 8.2, the original design was revised to achieve the maximum allowable
dimensions in order to compensate for lower material strength.
The external diameter of the cell is approximately 8.5 mm and the cell body 9 mm long. The
end-nut with a hexagonal head and M5×0.5 fine thread is used for this cell with the fit between
the internal and external threads made as tight as possible. Stronger coarse threads, such as
M6×0.75 had been considered but were found to reduce the cross-sectional area of the cell
body which would make it too weak in tension. In addition, because the brittle material is
much more sensitive to the stress concentration, side holes for observing anvil alignment in the
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Figure 8.2: (a) Quarter section view of the initial design of PTM-DAC (LH and RH stand for
left-hand and right-hand thread, respectively); (b) engineering drawing with key
dimensions; (c) standard cut diamond.
TM-DAC were removed in this design. Standard-cut 16 facet 2.5 mm diameter diamonds with
800 µm culet from Almax·easyLab [29] were used initially. The anvil alignment is achieved
through precision machining of the end-nuts and the cell body. The operation of the cell is as
in the case of TM-DAC [11].
8.4 Composite gasket
The last remaining component of the pressure cell that needs to be made non-metallic is the
gasket. The gasket we used is based on the one developed by Graf et al. [8], however there are
some differences in the preparation procedure which will be outlined in this section. Figure 8.3
shows an example composite gasket, which consists of two parts, the internal solid core and
the external Zylonr reinforcement. The preparation procedure of the composite gasket has
two stages. These involve the preparation of the solid core and then winding the Zylonr fibre
around it. In the first stage, one drop of epoxy (Stycast 1266) is blended with two types of
powder (1. diamond powder, grain size approx. 1 µm, Logitech Ltd; 2. aluminium oxide pow-
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(a) Composite gasket (b) Sample hole deformation at 5.6 GPa
Figure 8.3: Composite gasket with a sample loaded: (a) the internal core is made of diamond
and aluminium powder and reinforced by Zylonr fibre. The internal core was
indented with a pair of 800 µm culet diamonds; (b) the shape of the hole at 5.6 GPa
pressure.
der nano-powder, <50 nm, SIGMA-ALDRICH). The powder is continually added and blended
until a sticky consistency is reached. The ratio of diamond and aluminium oxide powder is
approximately 1:1. After that, a small piece is separated from the mixture and formed into a
disk shape. This is heat cured at 70◦C for a 15–20 minutes to part-harden. The disk is then
compressed to form an indented gasket of the desired thickness (normally around 100 µm) be-
tween two opposed diamond anvils. Prior to this, PTFE is sprayed on the culet of the diamonds
to ensure the indented gasket can be removed. The gasket is further heat-cured for 1 hour and
the indented gasket can be removed for sample hole drilling. A sample hole (normally, with the
diameter of 270 µm) is drilled mechanically at the centre of the indented gasket. This then is
followed by a final heat-curing for at least 3 hours.
The gasket then requires reinforcement with Zylonr fibre. In the second stage, the outer diam-
eter of the cured gasket must be reduced to approximately 2 mm by manual filing. After that
a strand of Zylonr fibre is wetted with Stycast 1266 epoxy and wound around the solid gasket
core until the overall diameter becomes approximately 4 mm. When the winding is complete,
the gasket must be left for at least 24 hours to cure completely before use.
As shown in Figure 8.3 (a), the gasket needs to be glued on top of the anvil with epoxy or
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GE varnish before loading the sample and pressure medium. During the experimental testing,
the composite gaskets were found much harder than conventional BeCu gaskets used with the
TM-DAC, resulting in a lower pressure generation efficiency. Moreover, the pressure and load
are not linearly related in this composite ceramic gasket as in a metal one. Apart from that,
we found pre-compression is required if the desired sample pressure needs to be higher than
2 GPa. The characteristics of this gasket are further described in the section of testing (Sec-
tion 7). The pressure medium used in the test is Daphne 7373 [107], NaCl powder is blended
with the medium (mass ration of 2:1) to increase the viscosity and prevent leaking. It was
shown experimentally that the sample hole can expand to approximately 350 µm at the highest
accessible pressure, as shown in Figure 8.3 (b).
8.5 Loading test and failure analysis
8.5.1 Experimental testing
Figure 8.4: Prototype of initial design.
The initial design was machined for prototype testing as shown in Figure 8.4. Pressurisation
testing was carried out using two different sets of gaskets (BeCu and composite gaskets de-
scribed above) to assess the pressure performance of the cell and of the composite gasket. For
the BeCu gaskets, it was found that the sample pressure readily reached 3 GPa under 2.5 kN
external load. However, achieving higher pressures was difficult and higher loads resulted in
the failure of the cell as shown in Figure 8.5. The pressure generation efficiency is low due to
a lack of support for the table of the diamond anvil which tends to indent the end nut rather
than to deform the gasket. For the composite gaskets, the pressure performance of the cell is
also limited, with sample pressures reaching 2 GPa under 2.7 kN of external load. As shown in
Figure 8.5, the failure pattern of the end-nuts is similar in each failed end-nut, with radial cracks
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occurring and propagating quickly through the part. No failures of the body of the cell were
observed. One common feature of the failures is the end nuts cracked when the anvil support
area indented to a certain depth (see the next section for more detail). The ‘sinking’ of the anvil
shows that the material presents some degree of ductility.
Figure 8.5: Typical failure pattern (radial crack) in the end-nuts. Note, in the top pictures (left
and right) the diamond facet indent marks are clearly visible, demonstrating the
deformation of the material. It can also be seen that the crack originates at the
sharp edges between the facets of the crown.
8.5.2 Failure analysis
Evidently, the plastic deformation plays an important role as the cause of the radial cracking. To
improve the design, it is essential to understand the mechanism of this failure first. To achieve
this, we use commercial finite element analysis package, ABAQUS, to investigate the defor-
mation of the end-nut. 2D axisymmetric model in FEA with symmetric boundary condition as
shown in Figure 8.6. In the experiment test, all the end-nuts were failed in the pressurisation
stage when the thread between the body and end-nuts was not engage. Thus, to analyse the
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Figure 8.6: FEA model used to analyse the deformation of end nut in Figure 8.5. The
strain-stress relationship of diamond is considered perfectly elastic in the model
with the following parameters: Young’s modulus E=1208 GPa, Poisson’s ratio
ν=0.07 [60]. The properties of 90HMF40 material are defined using bi-linear
model with the following parameters: E=45 GPa, ν=0.3, yield strain εY =0.012,
and yield stress SY =310 MPa, no strain hardening. Load is applied on the nodes
of elements at the top of the end-nut surface.
deformation of the end-nut closed to reality, the cell body is not included in this model. Quad
elements are used mainly in meshing the model and the mesh density at the area close to the
anvil contact area is increased to improve the accuracy of the simulation.
We measured the depth of experimentally observed indentation (250 µm) of the failed end-nut
and modelled the corresponding stresses using FEA, as shown in Figure 8.7. The stress pattern
shows a high tensile hoop stress accumulation at the outer edge of the end-nut, which can
account for the radial crack. This stress is related to the indentation caused by large localised
plastic strains located in the anvil support area. The bulge creates a large tensile hoop stress, in
turn causing this area to rupture in the circumferential direction.
8.6 Optimisation and final design
8.6.1 Optimisation
Large plastic deformation (indentation) of the end nuts was found to be the main reason of the
end-nut failure. The only possible solution is to increase the compression resistance of the end-
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Figure 8.7: (a) Plastic strain and (b) tensile hoop stress (max principle stress) distribution
when the anvil table indented into the anvil support (the deformation modeled here
is 250 µm which corresponds to the load of 2.7 kN).
nut thus reducing its plastic deformation. Enlarging the contact area with the anvil is the most
straightforward way to achieve this. A compression test was performed, as shown in Figure 8.8,
with a 4 mm diameter dummy anvil made of steel and placed on a flat end-nut to test the failure
point using the maximum available support area. This assembly was compressed directly with a
load cell with which the actual compression force applied onto the anvil was recorded directly.
It was found that the end-nut fractured diagonally under the load of 4.8 kN which is almost
double the load achieved in the initial tests described above. There is no visible deformation
observed before cleavage which indicates that the observed failure is of a brittle nature.
The compression test is simulated in FEA to investigate the deformation and stress pattern be-
fore failure as shown in Figure 8.9. The strain and stress contour demonstrated in Figure 8.10
confirms that little deformation is caused by the load of 4.8 kN near the failure point. The
diagonal fracture (Figure 8.8) can be explained by the high shear stress and plastic strain ac-
cumulation in the diagonal direction across the end-nut. This is commonly called ‘shear band’
or ‘strain localisation’, which usually lead to intense damage and fracture on cylindrical parts
subjected to excessive axial compression [124–128]. These destructive stresses and strains are
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Figure 8.8: (a) Before test, a dummy anvil was glued on the end-nut, (b) the failed end-nut after
test.
the main cause of the end-nut fracture. In contrast, the hoop stress in the end nut is far smaller
than in the previous case of a smaller diameter (2.5 mm) anvil as large plastic strain is pre-
vented. The failure mechanism of the larger diameter diamond anvil on the flat end-nut support
is different to that observed in the initial design and it proves that enlarging the contact area is
the way to improve the load capacity of the cell.
Figure 8.9: FEA model for the compression test
Even though the optimised end-nut can withstand 4.8 kN compression force, the same level
of load might not be sustained by the assembled pressure cell. This is because there is also
the thread on the cell body, which may weaken the cell in tension when it is clamped, and the
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Figure 8.10: FEA simulation of the final version end-nut subjected to 4.8 kN load.
body of the cell takes the reaction force from the end-nuts. The simulation result presented in
Figure 8.7 shows that the material is highly sensitive to the tensile stress tensor which could
lead to the failure of the thread. To verify this, an FEA model focusing on the thread area was
created as shown in Figure 8.11. The cell body, end-nut and the anvil all need to be included
in this model to acquire the actual stress pattern when the pressure is clamped by the thread.
Figure 8.12 demonstrates that when the cell is loaded at 4 kN and locked, the thread reaches the
critical failure stress near the root area. The tensile stress value at the root of the thread starts to
exceed the tensile strength of the material (330 MPa) and thus cracking is likely to occur in any
turn of the thread. This indicates that the highest loading limit of the cell should be less than
approximately 4 kN (as confirmed by the experimental testing described below).
8.6.2 Final design
Obviously, a large customer designed diamond is an ideal approach for the final design. How-
ever this approach will increase the cost significantly. Several other methods have also been
investigated. A first idea is placing a hard washer under the 2.5 mm diamond, but this will
create extra magnetic signal and risk Eddy current heating which are downsides. A more eco-
nomical approach is using sapphire spherical anvils. However, the maximum allowable size of
the spherical sapphire is limited to 4 mm diameter (half ball or full ball) due to the available
space in the plastic cell. These small size of the spherical sapphire has been tested and found
far too weak to be used.
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Figure 8.11: FEA model for tensile testing on the thread
The final design shown in Figure 8.13 introduces a pair of custom-designed diamonds. The
diamond anvils have a 4 mm girdle size with an 800 µm culet. The conventional taper at the
table of the diamond is rounded off to remove the sharp corners which could lead to stress
concentrations on the end-nut. The girdle of the diamond is rounded as well. The length of the
cell body is extended to 11 mm to provide space for taller anvils. In addition, the counter bore
used to centre and fix the diamond anvil in the initial design was removed due to the limited
space in the cell. This change means the anvils need to be glued to the end-nuts with epoxy
(Stycast 1266). The central observation hole on the end-nut can be used to position the first
anvil in the centre. An indented metal gasket is then glued on the the top of the first anvil.
After that, the second anvil is glued on the other end-nut. Before the epoxy around the second
anvil is cured, both end-nuts are screwed into the turnbuckle body until the diamonds are fully
engaged into the indentations in the gasket. The cell is then left assembled for the epoxy to cure
completely. The indentation on both sides of the gasket has been found to maintain the anvils
alignment rather well.
8.7 Loading test of the final design
Experimental pressurization testing was performed on the final design for verification, using
the cell, as shown in Figure 8.14. Both BeCu and composite gasket are tested with the final
design. For BeCu gasket test, NaCl powder and ruby are loaded into the gasket, with NaCl as
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Figure 8.12: Maximum principle stress distribution in the threaded connection between the
body of the cell and an end-nuts under 4 kN load.
the pressure medium. The cell managed to achieve pressures higher than 6 GPa with relatively
low applied load (2.46 KN) as shown in Figure 8.15. At the highest pressure point (6.29 GPa),
two ruby fluorescence peaks merged as a broad peak. Even though, the pressure can still be
determined by the Raman spectrometer as illustrated. The pressure generation improved sig-
nificantly as shown in the Table 8.2 because of the anvil gains enough support from the end nut.
The pressurised cell was left for a couple of days and checked for possible pressure relaxation,
with the pressure remaining stable. The cell was opened up and checked carefully in the critical
areas, such as the thread and the anvil support, with no damage observed.






Table 8.2: Load and attainable pressure of final design in the testing with the BeCu gasket.
The same cell was tested again with a composite gasket which was loaded with ruby, a piece of
lead and pressure medium (mixture of NaCl and Daphene 7373) as shown in Figure 8.3. The
load and attainable pressure is shown in Table 8.3. The cell was loaded to 3 kN initially and
sample pressure reached 3 GPa. Then the cell was left overnight at room temperature and it
was found that the sample pressure dropped to 2.3 GPa. After that, the cell was further loaded
and the sample pressure was increased with the load more efficiently than in the initial design.
At each pressure point shown in Figure 8.16, we have measured the superconducting transition
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Figure 8.13: (a) Quarter-section view of the final design of PTM-DAC. (b) Engineering draw-
ing of the final design with key dimensions. (c) 4 mm custom-designed diamond,
the culet is 800 µm and bevels up to 900 µm at 9◦, girdle ground round with
0.10 mm radius.
temperature Tc of Pb in the MPMS magnetometer and no pressure variation was observed. In
these tests, the highest pressure reached in the cell was around 5.6 GPa under 3.45 kN load
with no sign of failure (e.g. cleavage or radial fracture). While applying higher load is possible,
the risk of damaging the cell substantially increases as indicated by the previously discussed
FEA stress analysis of the thread, and thus this force was considered a safe upper load limit.
At the highest pressure point (5.6 GPa), the cell was left for two days with no pressure loss
observed. This gasket behaviour shows that pre-compression of the cell allows the epoxy resin
in the gasket to flow out of the pressurised culet area. A denser diamond and Al2O3 powder
remains packed in the culet area which makes the pressure generated more stable. The highest
attainable pressure (5.6 GPa) in the composite gasket is close to the one achieved using BeCu
gasket. However, this requires extra 1 kN of force, which shows once again that the composite
gasket is harder than the conventional BeCu gasket. The pressure was released and the cell was
disassembled for examination, from which both cell body and the end-nut were found to be
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Figure 8.14: The picture of disassemble of PTM-DAC (Final design).
Figure 8.15: (a) BeCu gasket with NaCl and Ruby under 2460 N compression load; (b) Snap
shot of the pressure reading from Raman spectrometer, the peak shows that the
pressure has reaches 62.95 Kbar (6.29 GPa)
intact.
Alignment of the diamond anvils is the key for a successful pressurisation. The previous TM-
DAC can maintain anvil alignment with the precise machining of the thread and an entering
counter bore to aid diamond mounting. As there is no counter bore in the final PTM-DAC
design, the diamonds are glued on the end-nut manually. Hence, the alignment of the two
diamond anvils is still not perfect. It was found that the sample would usually flow out of the
culet area and loose pressure (blow out) if too much sample was loaded. After a couple of tests,
a sample hole smaller than 250 µm was found to be the optimal size to compensate for the
misalignment.
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Load (N)












Table 8.3: Load and attainable pressure of the final design in the testing with the composite
gasket.
Noticeable permanent deformations as shown in Figure 8.17 was found when the cell was
loaded to 5 GPa with the composite gasket after several cycles. Figure 8.17(a) shows that the
anvil becomes inclined and (b) shows the hex head of the end-nut is deformed, which is most
mainly caused by the anvil misalignment and material strength issue. As the cell still main-
tained pressure despite these deformations, they should not be considered as failures. Instead,
it suggests a replacement schedule of the end-nut is needed. As the cost of plastic end-nut is
low and can be mass-produced, this is an acceptable compromise.
8.8 Magnetic background of the pressure cell
In order to estimate the background of the assembled cell, it was loaded with Dy2O3, which is
often used as a reference material for calibrating magnetic ac susceptometers since its χ′ is fre-
quency independent. The cell can be accommodated in a standard plastic straw used in MPMS
magnetometer, as shown in Figure 8.18. The cell is initially assembled without the sample. The
magnetic susceptibility of the empty cell was measured as a function of temperature using the
MPMS at three frequencies (1, 744 and 1488 Hz). The sample was then loaded using the the
procedure described above and the measurement was repeated.
Figure 8.19 shows that χ′ magnetic ac susceptibility of the sample for the three different fre-
quencies (χ′′ was below the sensitivity of the MPMS for the loaded amount of Dy2O3). The
data show that the signal is frequency independent as expected. The inset shows the background
signal from the empty cell, from the cell with the sample and the difference, which is the sus-
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Figure 8.16: The ruby fluorescence R1 peak shift which is associated with pressure reading
from Raman spectrometer at each load increment in Table 8.3
ceptibility of the sample after correction for the background. The data in the inset are presented
for the measurements conducted at 1 Hz, but are representative of the other two frequencies.
The measurement shows that the background from the cell is smooth and featureless which
makes it easy to extract the susceptibility of the sample. It also demonstrates feasibility of the
measurements in the pressure cell.
8.9 Ac magnetic measurement of U6Fe
The high pressure, ac magnetic measurement data of U6Fe sample is demonstrated in this sec-
tion to show the data quality of the PTM-DAC. Figure 8.20 shows the ac measurement of the
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(a) the anvil become incline (b) Hex head deformation
Figure 8.17: Unrecoverable deformation on the end nut appears after several loading cycles
at 3.45 KN
Figure 8.18: The PTM-DAC can be loaded into a standard straw by expanding the slits. After
that, the straw needs to be mounted on the sample rod of the MPMS magnetome-
ter.
U6Fe at ambient pressure without the PTM-DAC. The TC of this material is at 3.8 K and the
material was found almost frequency independent. PTM-DAC was used to investigate the pres-
sure dependence to the Tc as shown in Figure 8.21. In the experiment, the loaded cell was
measured at two pressure points, 0.1 GPa and 3.4 GPa in the MPMS SQUID magnetometer.
With applied 37 Hz ac field, the signal from the U6Fe is legible even without cell background
correction. The measurement result shows that the critical temperature of the material is clearly
shift to lower temperature with increasing pressure. At 3.4 GPa pressure, the Tc is reduced to
around 2.5 K from 3.8 K at ambient pressure.
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Figure 8.19: χ′(T) of Dy2O3 loaded into the plastic DAC and measured at various frequencies
at ambient pressure. The inset shows the characteristic background curve for the
cell assembled without the sample.
8.10 Future work
We assessed the mechanical and magnetic properties of several candidate composite materials
for construction of non-metallic high-pressure cells. Finite element analysis models were con-
structed to evaluate stresses and deformation of various components of the pressure cell and to
establish the modes of failure. These models were evaluated using experimental test data. It
was found that in order to prevent failure of the cell a large area support for the anvil is required.
The models were then used to optimise the design of the cell given the constraints imposed by
the sample space available in MPMS. A pressure of 5.6 GPa was reached for a load of 3.45 kN,
which we believe to be the highest to date for non-metallic pressure cells. The magnetic back-
ground of the cell was evaluated using Dy2O3 at several frequencies and no screening effect
from the cell on the sample was observed. The high-pressure ac magnetic measurement data of
U6Fe demonstrated the high quality measurement signal can be retrieved from the PTM-DAC.
Thus, this cell is expected to provide a new and useful method for the scientific community to
study the magnetic susceptibility of materials through use of ac techniques under pressure in
the commercial magnetometers.
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Figure 8.20: χ’(T) and χ”(T) of superconductor U6Fe at ambient pressure.
There are two possible improvements that can be made in future. First, the strength of thread
is the main weak point of the final design as shown in Figure 8.12. With the thread cutting
machine process, the grain of the carbon fibre and peek would be inevitably disturbed and the
strength would be compromised. One alternative is developing 3D printing technologies, which
provide a way for improvement. 3D printing has been used to create a plastic prototype cell
through a 3D printer available in campus as shown in Figure 8.22. The resolution of the current
machine is obviously not high enough to produce a cell to be used. However, it shows a possible
way to build a plastic cell through 3D printing when this technology is more mature to print
strong plastic material such as Tecamax SRP or 90HMF40 with high accuracy.
Second, the alignment of the diamond anvils remains an issue as there is no alignment mecha-
nism in the cell. Modifying the final design as shown in Figure 8.23 could be a solution. The
cell body is drilled with a 4 mm diameter centre bore with high tolerance. The anvils can be
centred by bore as the diameter of the anvil is 4 mm as well. The end nut is machined with a
4 mm diameter table to support the anvil and be centred by the bore too. In this way, the cell
body needs to be extended extra 1 mm to provide enough space for the modification. The high
centre tolerance of the diamond is the key for this mechanism to work.
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Figure 8.21: χ’(T) and χ”(T) of superconductor U6Fe at 0.1 GPa and 3.4 GPa pressure, the
ac frequency is 37 Hz.
For the current method of composite gasket preparation, liquid pressure media is difficult to
use as liquid trend to leak during loading or pressurisation. The composite gasket is currently
only able to contain Daphene 7373 and NaCl powder slurry as pressure medium to provide
semi-hydrostatic pressure environment. How to improve the gasket is another major work in
future.
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Figure 8.22: (a) Prototype of 3D print with scale 1:1; (b) 1:2 scale end-nut print.
Figure 8.23: An improved design concept of PTM-DAC.
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Chapter 9
Turnbuckle Sapphire Anvil Cell with
Spherical Sapphire Anvils
This chapter presents a turnbuckle sapphire anvil cell for small angle neutron scattering. Com-
mercial spherical sapphires were used in the cell as they are cost effectiveness and able to
contain more sample volume. Two design concepts were tested experimentally and the second
version was able to generate and maintain sample pressure above 6 GPa with a sample volume
6×10−2 mm3 which is 6 times to conventional DAC. Failure analysis was performed on the
sapphire anvil to gain a better understanding of the failure mechanism of spherical sapphire
anvil. The cell had been used in measuring the crystal structure of signle crystal niobium at
1.6 GPa through SANS technique. The cell is less than 16 mm in length and 14 mm in diame-
ter, it is the smallest sapphire anvil cell to date. The miniature feature allows it to fit into most
cryostat of modern scientific instrument without difficulties.
140
Turnbuckle Sapphire Anvil Cell with Spherical Sapphire Anvils
9.1 Design motivation
Figure 9.1: SANS Diffractometer in HZB.
The cell presented in this chapter is initially designed for small angle neutron scattering in
the Extreme Environment Diffractometer (EXED) at Helmholtz-Zentrum Berlin (HZB), Ger-
many. The main objective is to develop a high pressure instrument (pressure capability >
3 GPa) to be used in the diffractometer as shown in Figure 9.1 without any modification of the
device. The cell was required to function at low temperature and high magnetic field environ-
ment. The allowable space of the cryostat is the main restriction for incorporating high pressure
conventional sapphire anvil cell and existing SANS cell reviewed in Chapter 2 are apparently
oversized. Though DAC can be used as it can be made as miniature size. This type of cell is
least favorable for neutron scattering because the limited sample volume results in excessive
long counting time in the scattering. In last section, spherical sapphire anvils had been tried
for the non-metallic cell, which inspired a possible solution to build an enlarged version of the
turnbuckle cell with spherical sapphire anvil which allows more sample to be pressurized. To
distinguish this cell from previous turnbuckle cells in this document, the cell presented in this
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chapter is coded as T-SAC (turnbuckle sapphire anvil cell).
9.2 Design
In last chapter, 4 mm diameter spherical sapphire had been found difficult to be used as they
were cracked easily. Two larger size of spherical sapphire anvils, 5 mm and 8 mm diameter
sapphires (as shown in Figure 9.2 and Figure 9.3), were tried in this project respectively. As
these two cells are the enlarged version of turnbuckle cell from previous design, the working
mechanism of these cells are the same. The anvils are backing by two counter-thread end nuts.
The end nuts are identical apart from having the external M10×0.5 threads cut in opposite
direction, such as one end nut with left-hand external thread, the other one with right-hand
thread. Correspondingly, left-hand internal thread on one side of the cell body and right-hand
thread on the other side. In this setting, the sample pressure is generated by compressing two
end nuts and locked by turning the cell body.
9.2.1 First design concepts
Figure 9.2: (a) Section view of the first design concept of T-SAC; (b) CAD drawing with key
dimensions; (c) The dimension of the spherical anvil.
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5 mm sapphire balls were used in the first concept as the overall dimension of the T-SAC can
be minimal (as shown in Figure 9.2), which can be fit into the diffractometer easily. The central
hole of the turnbuckle design is not only allow optical observation on the sample but also
provide ports for the neutron beam. The spherical sapphire needs to be lapped with two parallel
surfaces to be an anvil, one is the culet (pressurized surface) the other is for optical observation.
Self-aligned feature is an advantage of the spherical anvil. One anvil is glued into the spherical
support with approximate alignment, the other anvil is then inserted and culets were brought
into contact. This will rotate the second anvil and the culets face will be self-aligned. The
design drawing with key dimensions is shown in Figure 9.2, the key dimension of the cell body
is 13×13×13 mm and the overall length of the assemble cell is less than 16 mm.
9.2.2 Second design concept
Figure 9.3: (a) Section view of the second design concept of T-SAC; (b)CAD drawing with key
dimensions; (c) The dimension of the spherical anvil.
Larger size of anvil (8 mm diameter) is used in the second version of the T-SAC as show in
Figure 9.3. In order to increase the anvil size without compromising the compactness, 8mm
diameter spherical sapphire with 140◦ bevel angle is used in the second design. The overall
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height of the anvil is around 6 mm and the culet can be polish to 2–3 mm diameter based on
required sample volume. A parallel face is polished at the back for optical observation and
incoming neutron beam. The length of the end-nut need to slightly increase with 0.5 mm, the
diameter of sphere cutting is also needs to be increased to 8mm correspondingly to accommo-
date the anvil. As a result, the overall length of the cell is slightly longer than the first design.
The optical hole on the end-nut is increased to 3 mm to provide a more transparent scattering
angle.
9.2.3 Bracket
Similar to the TM-DAC, an enlarge version of a bracket and two supports are needed to apply
load on the cell as shown in Figure 9.4. The pressurisation of the cell requires a hydraulic press.
In addition, a load cell needs to be placed under the bracket to record the load. The operation
of the cell is identical to the TM-DAC which has been described in Chapter 2.
Figure 9.4: Bracket for applying load on the T-SAC.
9.3 FEA stress analysis
Finite element analysis is used to verify the design initially. The thread area and the anvil
support area on the end-nut were firstly examined in FEA based on previous turnbuckle cell
experience. The fully harden BeCu alloy (BERYLCO 25 from NGK [15]) was used to fabricate
the entire cell as its properties are stable at low temperature and non-magnetic. Strain hardening
effect was modeled in the FEA to obtain a better simulation result in FEA. This section start
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with the followed descripton of the material behaviour.











φ≤25 1300-1500 1150-1400 1 390-440
φ>25 1200-1500 1050-1400 2 380-430
Table 9.1: Mechanical properties of fully hardened BERYLCO 25 rods (Grade HT, 2hrs at
370 ◦C) [15], E=130 GPa, ν=0.3.
As shown in Table 9.1, the fully harden BERYLCO 25 rods are very brittle, The spec with
diameter less than 25 mm would break at 1% elongation in tensile test. While the one with
diameter larger than 25mm is with better plasticity, but only withstands 2% elongation. Using
the lower bound of the strength value and the elongation percentages in Table 9.1, the stress-
strain idealization of these two spec of BERYLCO 25 are plotted in Figure 9.5. It is clear that
the first spec (φ≤25) is hardly deformed plastically.
The cell was made out of the first spec of the fully harden BERYLCO 25, therefore the max-
imum principle stress needs to be examined in FEA simulation due to its brittleness feature.
The maximum normal-stress theory is used as failure criterion, which states that failure would
occur when the normal stress in the specimen reaches its normal tensile strength.
Figure 9.5: Linear relation of stress and strain based on the mechanical properties of BeCu
alloy shown in Table 9.1
As described in Chapter 4, the mechanical properties of sapphire varies with its crystallographic
direction because of the crystal structure. However, whether the actual anvil strength relate to
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one particular crystal direction is still controversy. In our case, precisely controlling the crystal
axis of the culet face in the lapping process is difficult. This article would not investigate
this crystallographic strength problem of sapphire and all the sapphires in use are random-
oriented. The sapphire is defined with linear isotropic characteristic, E=494 GPa and υ=0.3.
The measured tensile strength of sapphire distributes between 275 to 400 MPa [103], the lower
bound of tensile strength (Sut =275 MPa) is considered the failure point of the sapphire anvil.
However, the maximum normal-stress theory was found not applicable to explain the failure of
the sapphire anvil, a full detail analysis would be introduced in the last part of this Chapter.
9.3.2 FEA model
Figure 9.6: FEA model of (a) first design concept and (b) second design concept; (c) the direc-
tion of the coordination in FEA model.
To assess the strength of the structure of both designs, two similar axisymmetric models are
created in ANSYS workbench [114] as shown in Figure 9.6. These models are suitable to
simulate the cell at pressure clamped stage when the threads are engage and take entire load.
The only boundary condition in these models is located at the section of the cell body (depicted
in the Figure 9.6), where the vertical movement is constrained. A remote force is applied on the
culet (compression face) of the spherical sapphire, which represents the reaction force from the
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compressed sample and gasket. The mesh density of following interested areas, the sapphire
contact region on the end-nut and the threaded region, are increased as demonstrated.
9.3.3 Stress analysis
Figure 9.7: Maximum principle stress distribution of the first design when subjected to 20 kN
load; The areas with red colour is with tensile stress higher than 1300 MPa, where
could be the origin of cracking failure.
The maximum normal-stress theory are use as failure criterion in these brittle alloy and the
area with highest tensile stress is the most concerned area. The simulation results shown in
Figure 9.7 and Figure 9.8 demonstrates that 20 kN load can be the critical load of the thread
because there are high tensile stress concentrate on the few turns of the threaded profile. The
red areas in the figures have tensile stress value above 1300 MPa which is the material strength
of the BERYLCO 25. The probability of cracking in these area is very high.
FEA result in Figure 9.8 shows that the strength of the thread is not sensitive to the profile of
the anvil, because the maximum principle stress pattern of the second design under 20 kN load
is almost identical with the first design. Based on the simulation result, the cell should not
load higher than 20 kN to avoid failure. This load had been proved enable to generate sample
pressure higher than 5 GPa based on the testing data of the existing spherical sapphire anvil
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This section focus on introducing the shaping process of the anvil from the standard sapphire
ball. The lapping process can be carried out in the DIAMANTE polisher shown in Figure 9.9.
The sapphire ball is mounted on the swing arm and rub on the spinning disk. Slurry which
contains diamond powder was dropped on the disk to improve the lapping quality. The lapping
process on the small size sapphire in the first design only takes less than 5 minutes. Because
there is a 20◦ anvil bevel on the anvil of the second design, more sapphire material needed
to be removed and the preparation time can be much longer. To form the bevel, modification
was made on the original polisher. An motor was installed on the arm to rotate the sapphire,
which allows the bevel can be lapped. A secondary manual polishing is needed after the lapping
process. Because the surface finish after lapping was not satisfactory and scratches are visible
on the culet as shown in Figure 9.10. These scratches could compromise the sapphire strength
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Figure 9.9: DIMANTE polisher
significantly as the culet is subjected with complex stress condition during pressurisation. The
surface finish on the culet can be improved to a better grade by rubbing the culet of the anvil on
a soft mat which contains 1 µm grain diamond powder.
9.5 Loading test
To assess the performance of both designs, prototypes were manufactured for pressurisation
testing as shown in Figure 9.11. Soft metal gaskets were used in these tests, such as copper
or unhardened BeCu. Harder gasket material was found to cause early anvil failure frequently.
This phenomenon is in consistence with the existing result of the sapphire anvil cell [45, 47–50].
High strength gasket can induce shear stress on the culet, which usualy lead to surface dam-
ages (e.g. crack, scratches and chippings). All the gasket were indented before pressursation
(initial thickness less than 300 µm). The indent gaskets were drilled with a central hole around
0.6 mm diameter to accommodate NaCl powder pressure medium and ruby marker. With these
parameters, the initial sample volume is more than 0.06 mm3 which is 6 times to the sample
volume of the conventional DAC. A load cell was placed at the bottom of the cell to record the
load applied on to the cell.
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Figure 9.10: The surface finished of the lapping area by the DIAMENTA polisher.
9.5.1 Loading test of the first design
The first design was testing with both soften BeCu and copper gasket. The culet of the spherical
anvils were polished to 2∼2.3 mm diameters. The experimental results of both cases are not sat-
isfactory as the sapphire anvil failed earlier before the maximum allowable load (20 kN) of the
cell. In the test with BeCu gasket, the highest attainable pressure was close to 3 GPa with 11 kN
load. Further pressurisation resulted in the anvil cracking catastrophically as demonstrated in
Figure 9.12.
In the test with copper gasket, the anvils were failed at lower load (8.61 kN) in the test as shown
in Figure 9.13. The highest attainable pressure is 2.5 GPa with 7.83 kN load. Due to the lower
strength of the gasket, the final thickness of the copper gasket is thinner and the final shape of
sample hole was distorted significantly.
9.5.2 Loading test of the second design
For the testing of second design, the culet of the anvil was polished to around 2.5 mm diam-
eter. Indented cooper gasket with 220 µm initial thickness and 0.6 mm diameter sample hole
was used. As shown in Figure 9.14, the pressure performance of the second design was much
better than the first design. The cell was tested close to the maximal allowable load of the
cell and no anvil failure appear. The highest accessible pressure was 6.4 GPa with 19.6 kN
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Figure 9.11: (a) Figure of the cell in a loading test, a load cell is placed beneath the bracket to
record the compressive force from the press; The prototype of the second design;
(a) key parts of the cell (second design); (c) All the disassemble parts including
the bracket.
load. Figure 9.14 shows the deformation of the sample hole with increasing pressure. The
sample hole start to expand and distort at 1.4 GPa, but the 2.5 mm compression surface man-
age to hold the sample pressure up to 6.4 GPa. The final gasket thickness was between 40∼
60 µm. The pressurisation test was not proceed any further as the risk of thread failure be-
comes higher. Nonetheless, the attainable pressure of the second design meet the requirements
for high-pressure SANS experiment.
When the pressure was released, an unexpected surface damage occurred as shown in Fig-
ure 9.15. This kind of surface damage had been reported by Eremet [17] on diamond anvil
which usually occurred at the pressure release stage after high pressure experiment with pres-
sure above 100 GPa. Eremet believed that the surface crack at unloading stage is mainly due
to the gasket becomes very thin and nearly flat during the increase of pressure. As the anvil
culet subjects to cupping deformation at high pressure, when the load is decreased the edge of
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Figure 9.12: Loading test with BeCu gasket which was pre-indented 200 µm thick (first design).
The highest attainable pressure was 2.9 GPa with 11.08 kN load. The anvil broke
at 12.33 kN load and the final gasket thickness is around 150 µm.
Figure 9.13: Loading test with copper gasket which was pre-indented to 300 µm thick (first
design). The highest attainable pressure was 2.5 GPa with 7.83 kN load. The
anvil broke at 8.61 kN load and the final gasket thickness is between 100–112 µm.
the contact surface is clear first. However, the gasket thickness is irreversible, the remaining
contact surface become less than the working face which is resulting in tensile stress appear
at the culet face. In our case, the final thickness of the copper gasket is only 40 ∼ 60 µm,
which could lead to similar stress condition. This damage shows that the anvil might needs to
be replaced regularly after every successful high pressure experiment.
9.5.3 Discussion
This failure mode of the T-SAC is clearly different to the previous turnbuckle cells (TM-3He-
DAC in Chapter 7 and PTM-DAC in Chapter 8). The anvils are the most important parts in
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Figure 9.14: Loading test of the second design with a copper gasket which was pre-indented to
220 µm thick; the final thickness varies from 60–80 µm; (a) 1.4 GPa with 9.84 kN
load; (b) 4.2 GPa with 13.58 kN load; (c) 5.8 GPa with 17.33 kN load; (d) 6.4 GPa
with 19.6 kN load.
the designs as the tests show that they trend to fail easily. Since sapphire is much weaker than
diamond, the shape of the sapphire anvil plays an important role in a successful pressurisation.
The first concept was disappointing as the anvils were failed catastrophically before reaching a
desired pressure. On the other hand, the second concept can generate and sustain higher sample
pressure with the a load close to the maximum loading limit of the cell body. It is clear that the
larger anvil is much more stronger for actual application and the final design should be settle
on the second design concept. However, the probability of surface damage on the culet at the
pressure releasing stage is difficult to reduce in this designing process. Nonetheless, the final
design of T-SAC is settled on the second concept because the replacement of anvils is affordable
with the cost effective feature of the commercial sapphire ball.
Massive support principle can explain the early anvil failure in the first design. The 5 mm
diameter sapphire ball didn’t provide enough massive support to the 2 mm cule which subjected
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Figure 9.15: Surface damage on the culet which occurred at the pressure release stage.
to complex stresses condition. As a result, the anvil cannot withstand load higher than 8.61 kN.
On the other hand, the anvils of second design survived with 19.6 kN load because its culet
was surrounded by more sapphire material which enhanced the strength of the anvil. The stress
pattern of the anvils under the final load is presented in next section to illustrate the effect of
massive support.
9.6 Stresses analysis on anvils
9.6.1 FEA models
Despite the stresses pattern of the anvil can be retrieved from the FEA models shown in Fig-
ure 9.6, the shear stress analysis is not correct as the gasket was simplified by a direct load.
The induced shear stress caused by gasket flowing did not exist in that model. Since shear
stress is an important stress tensor which can lead to anvil failure [17, 46, 59]. In this section,
the FEA models are mortified to include a gasket to obtain a better shear stress pattern. How-
ever, as gasket subjected to larger deformation and the simulation is highly non-linear, which
usually creates convergence issue in the implicit solver in static structural analysis. To over-
come this issue and reduce the computation time, the FEA models in this section are created in
ABAQUS/CAE and solved by its explicit solver.
Two FEA models are created separately as shown in Figure 9.16 to analysis the stresses on the
anvil when the final load was applied. Model 1 is based on the configuration in experimental
testing in Figure 9.13 and Model 2 is based on Figure 9.14. Because copper gaskets were
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Figure 9.16: (a) The FEA models used for stresses analysis of the anvil in (a) the loading test
demonstrated in Figure 9.13 and (b) the loading test shown in Figure 9.14.
used in both tests, the stress patterns on the anvils in both cases are comparable. The massive
principle effect can be illustrated by comparing the stresses patterns of these two different anvil
geometries. In the models, all the parts are modeled as axisymmetric and runs more close to
the real working condition at anvil breaking point. The opposed anvils are supported by two
end-nuts and controlled to squeeze the gasket by the applied boundary conditions. This layouts
assure the gasket deforms close to reality and no loading and boundary conditions are applied
directly on the anvils. Therefore, the stresses patterns on the anvils are much more reliable than
the previous model.
Several simplifications are made in the FEA models to accelerate the computation and insure
convergence. The cell body is not included in the model because it is irrelevant to the load-
ing condition when sapphire failed. The sapphires have failed at the pressurised stage (before
clamping) which means the thread between the end-nut and cell body was not engaged. Accord-
ingly, the threaded profile of end-nut is insignificant and simplified. The sample is not modeled
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based on the following reasons. NaCl powder sample is frictionless which means it would not
induced shear stress on the culet of anvil. Furthermore, the mechanical properties of NaCl is
difficult to defined in the model because its yield strength is too low (σY =21 MPa [129]). The
computation usually terminated when the sample part was over-distorted with large deforma-
tion. Therefore, the sample is presumed to be incompressible at the centre of the culet. This
simplification of sample is the only uncertainty and pitfall in these FEA models. However, the
effect should be minimal as the amount of sample is small if compare to the gasket.
Frictional contacts are defined between the anvil and end-nut, anvil and gasket. The friction
coefficient of these frictional contacts is set to 0.15 which is based on available experimental
data [130]. The degrees of freedom of the reference point is coupled to the edge of end nut,
which are indicated by the blue arrows as shown in Figure 9.16. With this configuration, the
movement of end-nut 1 can be controlled remotely by the boundary condition appointed on the
reference point. The reaction force from the whole model can be calculated at each displace-
ment, which is equivalent to the load applied to deform the gasket. The movement of end-nut 2
is constrained at the edges as shown in the figures. The mesh density near the culet area is
increased as it is the most concerned area.
In addition, the gasket would experiences large deformation which can terminate the compu-
tation when some elements become over-distorted. Adaptive mesh function are defined to the
meshes of the gasket to avoid such problem, which will be activated when some elements on the
gasket start to collapse due to excessive deformation. The distorted elements will be re-meshed
to an acceptable aspect ratio to keep the computation running.
The mechanical properties of copper is defined as tri-linear model as shown in Figure 9.17,
which is based on the available material specification (No.102, cold drawn copper) [131]. With
this idealised stress-strain lines, the yield stress σY (322 MPa) can be hardened to the material
tensile stress Sut (345 MPa) when the plastic strain reach 0.167. On the other hand, the material
properties of sapphire and BERYLCO 25 remain unchanged as in the previous FEA model
(Figure 9.6).
The modified FEA model can be validated by comparing the final gasket thickness in the sim-
ulation and experimental test. As shown in Figure 9.18, the simulation is basically in line with
the experimental loading test. The final gasket thickness in model 1 (103∼116 µ) and the mea-
sured thickness (100∼112 µm) in the experiential testing in Figure 9.13 are almost the same.
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Figure 9.17: Mechanical properties of copper material in FEA simulation. The parameters are
based on the data sheet of No.102 copper [131].
Accordingly, the final gasket thickness (58∼93 µm) in model 2 and the measured thickness
(60∼80 µm) are largely the same. Apart from that, the cupping profile can be seen in the de-
formed gasket which shows that the culet area of the anvil is deformed with a ‘cupping’ manner.
The level of the cupping deformation in model 2 is more conspicuous, which can explain why
thin gasket is commonly perform better than thick gasket as the cupping profile can restrain the
plastic flow of the gasket then the sample pressure can be generated more efficiently. This anvil
deformation behaviour is consistence with the FEA analysis on the diamond anvil [65].
9.6.2 Stress analysis
The material strength of sapphire is firstly examined here and then compared to the stresses
pattern to figure which stress tensor could be the major destructive stress. For sapphire material,
the tensile strength is between 275 MPa to 400 MPa, the compressive strength is 2 GPa [103].
The shear strength of sapphire is roughly between 375 and 520 MPa in the view of the shear
strength of hard brittle material is approximately 1.3 times larger than its tensile strength [132].
Figure 9.19 shows the three main stresses pattern of the anvil in first design concept when
the cell is loaded with 8.6 kN final load. Theoretically, the tensile stress (positive maximum
principle stress) is the most dangerous stress tensor for sapphire because as a brittle material
it is weak in tension. However, the highest positive value in the maximum principle stress
distribution is between 100∼150 MPa at the red contour, which is less then the lower bound
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Figure 9.18: The final gasket deformation with the corresponding final load in (a) model 1 and
(b) model 2.
of the material tensile strength (275 MPa). On the other hand, the compressive stress (negative
minimum principle stress) is substantially high at the centre of the culet area and the highest
compressive stress achieve 3.4 GPa. The area with compressive stress higher than the material
compressive strength (2 GPa) is located with the blue to blue-green contour. The shear stress of
the anvil is also exceed the upper bound of the material shear strength (520 MPa). The highest
negative shear stress is located at the blue contour with the magnitude of 560∼630 MPa. The
negative shear is mainly composed by the shear caused by the unsupported area and the outward
plastic flow of the gasket.
Figure 9.20 shows the three main stresses pattern of the anvil in second design concept when
the cell is loaded with final load 19.6 kN. As the load on the anvil is more than double of
the first design, the high tensile stress area (≥100 MPa) spreads across the anvil as shown
in the red contour of the maximum principle stress distribution. However, the peak tensile
value is only 170 MPa which is still lower than the material strength. The compressive stress
increases dramatically up to 7.8 GPa, which is three times to the material compressive strength
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Figure 9.19: With 8.6 kN load applied in model 1, the (a) maximum principle stress, (b) mini-
mum principle stress and (c) shear stress, the unit of the number is Pa.
(2 GPa). The area with compressive stress higher than the material compressive strength is
greater than the previous as well. Similar circumstances occur at the shear stress distribution,
the highest shear reaches 1.3 GPa which is more than twice of the upper bound of the material
shear strength (520 MPa) and the area with shear stress higher then the shear strength obvious
larger (see the green contour). Despite the stresses condition is much more severe, the 8 mm
anvil manage to undertake higher load and generate higher sample pressure without failure.
Figure 9.20: With 19.6 kN load applied in model 2, the (a) maximum principle stress,
(b)minimum principle stress and (c) shear stress, the unit of the number is Pa.
If comparing the magnitude of three stress tensors in the analysis, the compressive and shear are
the most possible stress tensors which could lead to anvil failure. Apart from that, the analysis
shows that the geometry shape of the sapphire anvil should be shape to provide massive support
as much as possible to improve the pressure performance and anvil strength. However, it is
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difficult to quantify the massive support at this point because there is little quantitative study of
massive support for spherical sapphire anvil at present.
9.7 High pressure SANS experiment on single crystal Niobium
Figure 9.21: Experimental set-up of the T-SAC for small neutron scattering; (a) the loaded
T-SAC in a aluminium holder; (b) the single crystal Niobium in the gasket; (c)
the collect data of sample when the cell was exposed to the neutron beam with
10 minutes. Note: figure (c) is unpublished, the author of this thesis is the main
contributor of this SANS experiment.
This section demonstrates an application of the T-SAC in high-pressure SANS experiment. A
single crystal niobium was pressurised in this cell to study the pressure dependence of the flux
line lattice (FLL) of the crystal through SANS technique. The sample piece was around 1 mm
long and 0.3 mm thick as shown in Figure 9.21 (b). Accordingly, a thick gasket is needed for
this experiment to cover the size of the sample. Copper gasket is unable to be used in this case
due to its low strength and thin final thickness problem. To contain the sample, a BeCu gasket
with 1 mm diameter sample hole and 0.5 mm thick was used. The initial sample volume is
equivalent to 0.4 mm3. Mixture of Flouriner (FC 72: FC 84) is used for pressure media to
create a hydrostatic pressure environment. As the sample hole is larger than those in previous
tests, the culets of the anvils were polished to 3 mm diameter accordingly to prevent the sample
hole blowing out in the early presurisation stage.
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In the experiment, the highest attainable pressure is 1.6 GPa with 17.33 kN. The pressurised
cell was mount on the sample holder as shown in Figure 9.21 (a). To reduce the scattering
background , the cell was covered with aluminum foil and the holder is made with aluminum
alloy as well. The sample was pressurised to 1.6 GPa in the cell and the cell was loaded into
a 17 T cryomagnet [133] in D22 beamline, Institut Laue-Langevin (ILL). The cell was cooled
down to 1.8 K with the 17 T magnetic field. Figure 9.21 (c) shows the collect data when the
cell was exposed to the neutron beam with 10 minutes. Further pressursation was not succeed,
one anvil was failed when the cell was loaded to 18.4 kN and the remain gasket thickness is
0.3 mm. The relative high material strength and thick gasket restrict attainable pressure. Apart
from that, liquid pressure media can lead to anvil failure as stated in Klotz’s work [46]. Though
the attainable 1.6 GPa pressure is rather low if compare to the loading test result, it still the
highest record in the existing high pressure cell design for the SANS experiment.
9.8 Future work
We have designed and tested a compact sapphire anvil cell (T-SAC) based on combining spher-
ical sapphire anvil and turnbuckle principle. Unlike to the traditional bulky sapphire anvil cells
as shown in Figure 9.22, the T-SAC is much simpler in configuration and smaller, it is less
than 16 mm in length and 14 mm in diameter. The size of T-SAC is even smaller than the
‘egg’ cell as shown in Figure 9.22, which was believed the smallest sapphire anvil cell. The
miniature feature allow it can be fit into most cryostat of modern scientific instrument without
difficulties and thermalised much faster. For pressure range below 6 GPa, the cost effectiveness
of the T-SAC is much higher than conventional DAC. Sample volume of T-SAC can be 6 times
to the diamond anvil cell while the cost almost negligible. Each 8 mm diameter sapphire ball
costs less than 23 pounds which is much cheaper than diamond anvil (a standard 2.5 mm dia-
mond is more than 800 euros). The compactness, non-magnetic body and large sample volume
(up to 0.4 mm3) facilitate the potential implementation in other scientific experiment such as
resistivity, optical, magnetic measurement.
As the sapphire anvil is the most fragile part in the cell, future study can focus on investigat-
ing the methods to improve the anvil strength. For example, better polishing method and high
temperature treatment are the potential improving method. Apart from that, the shape optimi-
sation of the anvil hasn’t been study, the relation of the anvil geometry (e.g. the flank angle,
the culet bevel angle, the overall diameter) and massive support principle needs to be further
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Figure 9.22: Kurchatove-LLB high-pressure cells for low-temperature neutron diffraction.







This chapter presents two piston-cylinder type high pressure cells for high-pressure chemistry
studies. These cells were designed to pressurise large amount of liquid sample (particular
for water-based sample) up to 800 MPa with controllable manner. Each design is presented
separately with stress analysis in FEA and description of working mechanism. Hoop strain at
the external surface of the cell were measured and then the internal pressure was calculated
through Lamé equation. After that, the load and attainable internal pressure were calibrated for
the users. The accessories tools for the liquid cells are introduced at last.
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10.1 Introduction
High pressure method is popular in research interest such as substances reaction, decomposi-
tion, polymerization of organic substance, crystallization and synthesis ect. For this kind of
research, large sample space and measurable pressure control are the two main basic require-
ments. The piston-cylinder type pressure cell is the most obvious experimental method to fulfill
the requirements. Two piston cylinder cells were developed in this project for our research col-
laborators based on the above requirements. These cells are called liquid cell in this thesis as
they are mainly used to pressurise large amount of liquid sample (particular for water-based
sample). Some high pressure experiments performed in these cells require relatively high tem-
perature (from room temperature to 150 ◦C). As the mechanical properties of BeCu alloy are
stable for this temperature range [15], all the cell are made out of fully-harden BERYLCO 25
and the mechanical properties of the alloy have been demonstrated in Table 9.1 and Figure 9.5.
10.2 Type A liquid cell
10.2.1 Design and operation
Figure 10.1: Disassembly of the type A liquid cell
This section present the type A liquid cell as shown in Figure 10.1 and Figure 10.2. It is a
closed-end design which is effective to prevent leakage of water-based sample. The cell body
is 35 mm in diameter and 118 mm long. The internal bore of the cell is 10.4 mm in diameter
and 72 mm long which is equivalent sample volume around 5.3 mL. M22×1 thread seats are
machined on top of the cell body with 35 mm depth, which is used to clamp the pressure. Two
seals, rubber seal and copper seal, are mounted on the piston to prevent leakage. The rubber
seal works at low pressure range and the soft copper seal works at higher pressure range. The
way of mounting the seals on the piston is demonstrated in the enlarge view in Figure 10.2.
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Figure 10.2: Type A liquid cell
A threaded retaining ring is used to fix the copper seal and rubber seal on the piston. All the
parts except the pusher are made of fully harden BeCu alloy. The pusher is machined out from
tungsten carbide (WC) which can effectively cope with the severe compressive load because it
is with very high compressive strength (4 GPa). An external shield is needed to cover the whole
cell during pressurization for safety measure which is presented later.
The operation of the cell is descbired as follows. Firstly, sample is filled into the bore of the cell
as much as possible. Then the piston is mounted with seals and then inserted in to the sample
bore. Vacuum grease needs to be smeared on top of the piston then the spacer is placed on the
piston. This grease is used to create lubrication between the spacer and piston therefore rotation
torque would not be transfer to the piston when users turn the retaining nut to lock the pressure.
After all, the retaining nut and pusher are assembled to finish the installing procedure. Before
applying pressure, the whole cell needs to be placed in the shield as shown in Figure 10.13 for
user protection.
To pressurise the sample, the assembled cell is placed under the plunger of a hydraulic press.
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The plunger presses directly on the tungsten carbide pusher and the load is then transferred to
the sample by the piston advancing. Each movement of the piston is followed by an increase
of the pressure inside the cell if those seals work. The applied load can be read from the
gauge on the hydraulic press and pressure can be roughly estimated by dividing the force by
the area. However, this pressure approximation can be over-estimated at high pressure stage,
which is explained in detail later in this chapter. The retaining nut needs to be tighten after each
advancement of piston to lock the pressure, this pressure locking mechanism is usually called
self-clamping.
10.2.2 FEA stress analysis
10.2.2.1 FEA model
Figure 10.3: FEA model of type A liquid cell (a) the mesh model (b) boundary and loading
conditions, pressure is applied on region A and boundary condition Uy=0 is used
to constrain the movement of the model on region B.
The pressure limitation of the type A design is tested virtually through the FEA method as
shown in Figure 10.3. 2D-axisymetric FEA model is used in the analysis with the boundary
and loading conditions as demonstrated. The M22 thread is simplified in the model because of
following reason. Any ISO threads with d≤1 inch (25.4 mm), a thread length of at least 0.5d
will have a strip strength in excess of the screw’s tensile strength [92]. Based on the size and
the length of thread the simplification is justified and the threaded part of the body is unlikely
to be stripped off before the cell body was rupture axially in tensile.
Figure 10.3 (a) shows the model is meshed with quadrilateral elements which can provide high
166
Large Volume Piston-Cylinder Pressure Cells
accurate analysis result as described in Chapter 5. Figure 10.3 (b) demonstrates the boundary
and loading condition of the FEA model. The axial movement of the top thread seat (marked
as region B) is constrained throughout the simulation process. Furthermore, region A in Fig-
ure 10.3 was applied with pressure.
10.2.2.2 Stresses analysis
Figure 10.4: Stress distribution of the type A liquid cell when subjects to 800 MPa internal
pressure; equivalent stress distribution (left) and stresses distribution along the
cross-section path (right)
As the three main stress tensors (hoop, radial and axial stress) can be calculated conveniently
with the aid of computer. Von Mises theory is used to assess the maximum allowable pressure
for the type A design. The simulation result shows that the pressure limit of this design is
800 MPa (Figure 10.4). When pressure increases to 800 MPa, the internal bore starts to reach
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the yield point of the material, further pressurisation would result in permanent plastic defor-
mation on the bore which can reduce the working life time of the cell. Leakage would be the
main issue if the cell was overloaded before. For safety consideration, the pressure in the cell
must be smaller than 800 MPa to insure that the cell works in elastic deformation.
In addition, the stress distribution is highly uneven in the cell body. The two main stress ten-
sors, hoop stress and radial stress, all peaks at the internal bore which results in the equivalent
stress concentrates on the internal bore. This stress concentration agrees with the thick-walled
cylinder theory. The axial stress is rather low if compare to other two stresses tensors. The
shear stress is so trivial and can be neglected, which proof the assumption of hoop, radial and
axial stress are the principle stresses. The analysis also points out that increasing the wall thick-
ness is not an effective way to increase the pressure capability of a thick wall cylinder, because
the material of thick wall cylinder has not been employed fully. The outer layer of the cylin-
der is hardly stressed, while all the main stresses (hoop and radial) concentrate on the internal
bore where pressure is applied, resulting in high equivalent stress concentration on the bore.
Pre-stressed methods can be used to increase the pressure capability but as these methods are
beyond the range of this project, they would not be further discussed in this thesis.
10.3 Type B liquid cell
Figure 10.5: Disassembly of the type B liquid cell.
Liquid sample is loaded into the bore directly in the type A liquid cell, the direct contact of sam-
ple and cell body can caused contamination problem sometime particularly for those samples
can react with the BeCu alloy. Sample encapsulation can solve this problem however retriev-
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ing a capsuled sample from a close-end design after high pressure experiment is extremely
inconvenient. To over come the problem, a open-end design (type B liquid cell) is presented in
Figure 10.5 and Figure 10.6.
10.3.1 Design
Figure 10.6: Type B liquid cell, (a) the section view of the assembly; b enlarge view on the top
seals; (c) enlarge view of the bottom seal.
As shown in Figure 10.6, type B liquid cell is a single cylinder cell based on the type A design
with modifications. The cell body is 35 mm in diameter and 127 mm long. The bore of the cell
is set to 10 mm diameter to allow the standard capsule can be fitted in. The seals mechanism
of the cell is re-designed to seal liquid sample contained in PTFE capsule, which consists of
two caps and a tube. PTFE is an ideal material to be used for encapsulation because of its
non-reactive and frictionless features. Apart from that, the PTFE cap acts as a first seal at
low pressure range. At higher pressure, anti-extrusion cooper rings are placed on both ends
of the capsule act as the secondary seal to prevent the PTFE caps over-extruded. Though the
capsule can prevent contamination from the metallic body, it is with the cost of sample volume
which reduced to 2.8 mL. The open end design enable the capsuled sample can be retrieved
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conveniently after high-pressure experiment by pushing it out with a long rod. The pressure
capability of the type B liquid cell should be no different to the type A liquid cell as the external
diameters of the cells are identical, which is confirmed in the following section.
10.3.2 FEA stress analysis
10.3.2.1 FEA model
Figure 10.7: FEA model of type B liquid cell; (a) the mesh model; (b) boundary and loading
conditions, boundary condition Uy=0 is used to constrain the movement of the
model on region A, pressure P is applied on region B and a equivalent axial force
Fx=7.85×10−3×P is applied on the region C.
Similar to the analysis of type A liquid cell, a 2D-axisymetric FEA model with quadrilateral
elements is used to assess the pressure limit of the type B cell as shown in Figure 10.7. The
boundary and loading conditions are indicated in the figure. The vertical movement of the cell
body is constrained at the bottom thread seat (region A) and the internal pressure is applied on
the internal bore where marked as region B. Axial tension force is applied on the top thread
seat (region C) to imitate the axial load when the cell is clamped at high pressure.
10.3.2.2 Stress analysis
The simulation result in Figure 10.8 shows that the pressure limit of the cell is identical to the
previous design. The internal bore of the cell body starts to yield when the internal pressure
reaches 800 MPa. Even though the equivalent stress distributions are slightly different due
to the different of boundaries, the stresses along the middle cross-section of both designs are
170
Large Volume Piston-Cylinder Pressure Cells
fundamentally identical. Both hoop and radial stresses peaks at the surface of the bore and
reduce gradually, as a result, the equivalent stress concentrates at the bore as well.
Figure 10.8: Stress distribution of the type B liquid cell when subjects to 800 MPa internal
pressure; equivalent stress distribution (left) and stresses distribution along the
cross-section path (right).
10.4 Pressure calibration
Since the load applied on the cell is available from the gauge on the hydraulic press, the internal
pressure can be calibrated with the load by using P=F/A. However, this method is only appli-
cable if users did not require accurate pressure information. From previous experience in using
piston-cylinder cell, the friction can increased significantly to take part of the load from the
hydraulic press at high pressure condition. The main reason is that the piston seals extrude to
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fill the clearance between piston and sample bore and as a result the friction cannot be ignored.
Therefore, the calibration could be over-estimated which is demonstrated later.
The high temperature environment is another factor needs to be considered. Once a pressurised
cell is heating up in a furnace, internal pressure can increase substantially with the rising tem-
perature, which could results the cell was overloaded at high temperature enviroment. This
section presents the solutions to address these problems.
10.4.1 Pressure calibration with strain gauge
Figure 10.9: Strain gage is attached on the type B liquid cell body.
For piston cylinder cell, the most accurate way to measure pressure is using the pressure sen-
sors such as manganin pressure gauge, which needs to be immersed in the pressurised liquid
sample and measure the pressure directly. However, this method requires a feed-through wires
to measure the resistivity of the manganin gauge and it is difficult to be implemented with the
capsuled liquid sample. Chapter 2 has demonstrated that some piston-cylinder cell’s design-
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ers [26, 30, 31] can manage to be pressure calibrated with the geometry changes (axial elonga-
tion or radial expansion). In this section, we established the pressure calibration between load
and attained pressure by using strain gauge method. A strain gauge was attached on the cell
body (as shown in Figure 10.9) to measure the hoop strain on the external surface. Black tape
was cover on the gauge to protect the gauge and wiring. The measured hoop strain was used to
calculate the internal pressure based on the Lamé equations presented in Chapter 4. The hoop
strain of the cell body can be measured by converting the resistance changes with the following





Where GF is the gauge factor, GF = 2.075 for the model CEA-06-240UZ-120 from Vishay
micro-measurement [134]; ∆R is the change in resistance caused by strain; R is the resistance























Table 10.1: Hoop strain data with load up to 8 ton.
Capsuled water was used for the calibration. The gauge reading was recorded with every half-
ton and then converted to strain as demonstrated in Table 10.1. The raw data of the measurment
is attached in the Appendix F in this thesis. Clearly at each measure point, the hoop strain εt
was reduce to ε′t when the cell is clamped by the retaining nut and the load from the hydraulic
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press is released . This strain difference of before-clamped and clamped is mainly caused by the
different loading conditions. In the before-clamped condition, the cylinder body is only subject
to two dimensional stress condition, the radial and hoop stress, and the axial stress is ignorable.
Whereas, at clamped stage, the axial stress cannot be ignored (as shown in Figure 10.8) because
the applied load is locked by its own thread. Apart from that, the internal pressure might drop
at clamped condition as a result of the deformation of the thread and the piston might move
back slightly.
Based on Lamé equations in Chapter 4, the pressure can be calculated with both before clamped
and clamped conditions. For before-clamped condition, the axial stress is neglected and the

















(1− ν)a2 + (1 + ν)a2b2 1
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(10.2)


















(1− 2ν)a2 + (1 + ν)a2b2 1
r2
(10.3)
For above equations, E=130×109 Pa, b=17.5×10−3 m, a=5×10−3 m, ν=0.3, r=b. Substitute
the measured strain εt in to Equation 10.2 and substitute ε′t into Equation 10.3, the calibrated
pressure is obtained and listed in Table 10.2. The calibration pressures versus load is plotted in
Figure 10.10 for a clearer demonstration of the friction effect. The nominal pressure (P=F/A)
only agrees to the calibrated pressure Pb at before clamped condition up to 3 ton load. Above
that, the nominal pressure is obviously overestimated and would be less reliable at higher load-
ing condition. Furthermore, the pressure dropping effect needs to be considered as a result of
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comparing the calibrated pressure Pb and Pc versus load. The slight pressure releasing cannot
be neglected based on the significant difference which is mainly contributed by the deformation
of thread. In most scenarios, the cell works at clamped condition as most high-pressure experi-
ments need to be run for a long time period. Thus, the red curve (Pc versus load) in Figure 10.10
is the the optimal calibration for the users. With the Table 10.2, user can check the pressure











1 125 129 121
1.5 187 193 176
2 250 252 235
2.5 312 302 283
3 374 375 356
3.5 437 422 394
4 500 475 446
4.5 562 528 494
5 624 593 552
5.5 687 657 612
6 750 704 656
6.5 812 754 701
7 874 816 749
7.5 937 874 N/A
8 999 931 N/A
Table 10.2: Calibrated pressure with load, 1 ton=9807 N, A=78.5 mm2.
10.4.2 Pressure calibration for water-based sample at high temperature
Pressure, temperature and volume are the basic parameters in thermodynamics. In order to
prevent the cell overloads at high temperature, this section provides an estimation of pressure
change at high temperature environment (up to 150 ◦C) to users. The pressure estimation pre-
sented in this section only limits to water-based sample which are the most common sample
pressurised within this cell at present. Apart form that, water had been studied extensively
during last decades [135, 136] and the thermo-physical properties of water below 1000 MPa
are available from the on-line data base in the national institute of standards and technology
(NIST) [137]. The estimation is created by two following steps with two assumptions respec-
tively, isothermal assumption and isochoric assumption.
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Figure 10.10: Calibrated pressure at before-clamped and clamped condition.
10.4.2.1 Isothermal
When the cell is pressurised at room temperature, we presume that the temperature variation
during the pressurisation is ignorable. The relation of two isothermal properties, density and
pressure, is plotted in Figure 10.11 based on the data from NIST [137]. It is clear that the density
of water is increasing with the pressure and 7 data points are retrieved from the curve based on
the 7 pressure point Pc listed in Table 10.2. These data points are listed in the Table 10.3 and
used for the estimation of pressure change in next step.
Figure 10.11: Isothermal properties of water, density vs pressure
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Loading
(Ton)
1 2 3 4 5 6 7
Pressure
(MPa)
121 235 356 446 552 656 749
Density
(Kg/m3)
1047.8 1084.4 1118.2 1139.4 1163 1183.6 1200.4
Table 10.3: 7 pressure points of Pc in the Figure 10.11 and the corresponding load.
10.4.2.2 Isochoric
When the pressurised cell is transfered into a furnace for heating, the sample is considered
subjected to isochoric condition if the thermal expansion of the cell is negligible. based on
this isochroic assumption, the pressure is rising up with temperature increase. At each density
point listed in Table 10.3, pressure and temperature can be plotted in Figure 10.12 based on the
available data [137]. For the user who intends to use the cell at high temperature, this graph
provides an estimation of pressure change of the clamped cell at high temperature environment.
The red dash line indicated the maximum limit of the cell, which also shows the upper bound
temperature for pressure points above 552 MPa.
Figure 10.12: Theoretical pressure change at high temperature.
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10.5 Accessories
Several auxiliary parts were developed/ordered for the operation of the liquid cells. This section
provides brief information of these parts.
Shield
Unlike to the opposed anvil cell in previous chapters, the safety hazard of the liquid cells is
much higher as these cells contain large amount of pressurised sample and store high energy
accordingly. Protect element shield is needed to provide safety measure for the users. A set
of protected shield which made of stainless steel are designed to cover the cell during the
pressurisation as shown in Figure 10.13 (a). An open hole on the shield allows the cell to
be operated within the shield in the press as shown in the Figure 10.13 (b). When the cell is
clamped at high pressure, the tungsten carbide rod can be removed and the shield cap is screwed
on top of the shield body to cover the cell entirely.
Hydraulic press
To pressurise the large amount of sample, a hydraulic press is an essential for the liquid cell
system. Any standard hydraulic press with at least 10 ton capacity is capable to works with the
liquid cells presented in this chapter. Figure 10.13 (b) shows a common workshop scale 10 ton
hydraulic press which was used in testing.
Puller
When disassembling the liquid cell after a high pressure experiment, the piston usually jams in
the bore due to the extrusion of the seal. A puller shown in Figure 10.14 is designed to pull out
the piston when the jam occur. Both puller and piston heads are threaded with the same size of
thread, internal thread for the puller and external thread for the piston. The piston head can be
screwed in the puller with these fixture threads. Another long external thread is machined on
the puller as well, which can be used to lift the piston by turning the handle.
Stirrer
For some high pressure experiments such as chemical reaction under high pressure, two differ-
ent density of samples are pressurized in the cell. Sometimes it is essential to stir the pressurized
liquid samples to accelerate the reaction. The PTFE coated magnetic alloy neodymium iron
boron (NdFeB) as shown in Figure 10.15(a) is an ideal stirrer for our cell as it is the strongest
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Figure 10.13: (a) The steel shield and a assemble liquid cell. (b) The shielded liquid cell was
pressed in a hydraulic press
magnet so far. They can be implemented in our liquid cells conveniently as the PTFE coat can
prevent contamination and the size fits the bore of the cell. The stirrer can spin or oscillate
with external magnetic field. We have built and tested an electronic device 10.15(b) to drive
current in four symmetrically positioned solenoids. The driver supplies alternating current to
the solenoids, thus the oscillating magnetic field will be generated to drive the magnet inside
the cell. However, this kind of setting cannot be used with the shield as shown in Figure 10.13
(a) as the shield reduce the magnetic field, a steel box is needed to cover the all the system to
provide safety.
Anther simpler way to drive the magnet in the cell is using a single phase ac shaded pole motor
as shown in Figure 10.16. The best advantage of the shaded pole motor is convenience. It is
widely available from market with low cost. No wiring or controller is needed to operate the
motor as it runs directly when connecting to 240 Volt ac power socket. The rotor of the motor
can be removed as it is not needed. The remaining frame can generate high speed rotating field
which are able to drive the magnet inside the cell.
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Figure 10.14: Puller
Figure 10.15: (a) PTFE coated NdFeB magnets; (b) alternating current driver and solenoids
10.6 Future work
This chapter presents two piston-cylinder type pressure cell with large sample volume capac-
ity. FEA method was used to examine the pressure limit of the cell and analyse the stresses
distribution. For convenience, the internal pressure of the cell was calibrated with the applied
load through theoretical calculation. These cells have been used in the high-pressure study of
salicylaldoximes process, bio-diesels decomposition and crystallization, material polymerisa-
tion and pharmaceutical experiments. In future, if higher pressure range is required, stronger
alloy combined with pre-stressed techniques can be used to increase the pressure limit. The
maximum pressure record of piston-cylinder type pressure cell is 4 GPa [16] at present, which
is made of NiCrAl alloy and with interference fit pre-stressed technique.
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Figure 10.16: Shaded pole motor
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Chapter 11
Conclusions and Future Developments
There are five types of high pressure cells have been successfully developed in this project
to overcome the lack of experimental equipment. Three of them (Hellium gas pressure cell,
TM-3He-DAC, PTM-DAC) are designed to be used with the MPMS SQUID magnetometer.
To further develop the turnbuckle technique, the development of T-SAC added a new member
to the series of turnbuckle opposed anvil cells. The last chapter presents two piston-cylinder
cells which are able to provide large sample volume and measurable pressure control up to
800 MPa.This chapter summaries and outlines the conclusions and future development of each
high pressure instrument developed in this project.
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11.1 Helium gas pressure cell
A helium gas pressure cell has been developed for magnetic measurements on pressure sen-
sitive materials. The design of the gas cell was optimised through commercial FEA package.
The external gas driven design can provide precision pressure control inside the cell, which is
particular suitable for pressure dependence magnetic study for pressure sensitive material. In
addition, high quality data can be collected from the cell because of its large available sample
volume.
A helium gas compressor with higher pressure output is needed if user requires higher gas
pressures. The magnetic parts of the cell (the steel capillary, steel seal and steel nut) can be
replaced by non-magnetic material to avoid interference and make the centering process of
this cell easier. The pressure capability and safety of the cell can be increased by conventional
piston-cylinder cell technique with compromising the available sample space, such as increased
wall thickness, double-layers or autofrettage.
11.2 TM-3He-DAC
A miniature diamond anvil cell (TM-3He-DAC) has been developed for the 3He insert into
MPMS SQUID magnetometer. The cell enables the measurement of magnetic susceptibility
at high pressure (up to 5 GPa) and at extremely low temperatures (down to 0.05 K). The cell
is probably the smallest diamond anvil cell to date, it is only 6 mm in diameter and 7 mm in
length. The miniature feature and use of CuTi alloy allow the magnetic background signal from
the cell to achieve lowest level. Even though further reducing the magnetic background signal
is still possible and should be done in future by obtaining purer CuTi alloy.
Cold rolling of the CuTi alloy was reported can increase 30% of material strength. This ma-
terial treatment is highly beneficial to improve the performance of the cell in future. With the
currently available material, two available options can be used to improve the structure stability
of the cell. First, enlarging the anvil support area by grinding off the sharp taper of the diamond
or using a larger diamond. Alternatively, increasing the thickness of the anvil seat.
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11.3 PTM-DAC
A miniature non-metallic diamond anvil cell (PTM-DAC) has been developed for high-pressure
ac susceptibility measurement in MPMS SQUID magnetometer. The mechanical and magnetic
properties of several candidate hgih strength polymer materials for construction of PTM-DAC
were assessed. Finite element analysis models were constructed to evaluate stresses and defor-
mation of various components of the pressure cell and to establish the modes of failure. These
models were evaluated using experimental test data. It was found that in order to prevent failure
of the cell a large area support for the anvil is required. The models were then used to optimise
the design of the cell given the constraints imposed by the sample space available in MPMS.
A pressure of 5.6 GPa was reached for a load of 3.45 kN, which is the highest to date for
non-metallic pressure cells. The magnetic background of the cell was evaluated using Dy2O3
at several frequencies and no screening effect from the cell on the sample was observed. The
high-pressure ac magnetic measurement data of U6Fe further demonstrated the high quality
data from the PTM-DAC. Thus, this cell is expected to provide a new and useful method for
the scientific community to study the magnetic susceptibility of materials through use of ac
techniques under pressure in the commercial magnetometers.
As mechanical machining process would inevitable disturb the structure of polymer, which
can potentially compromise the material strength. 3D printing technology is a possible way to
further developed the PTM-DAC when this technology is more mature to print strong plastic
material with high accuracy. Apart from the material strength, the anvil alignment needs to
be improved as demonstrated at the end of Chapter 8. Last, the composite gasket preparation
method needs to be further improved to enable liquid pressure media can be used in PTM-DAC.
11.4 T-SAC
A compact turnbuckle sapphire anvil cell with spherical sapphire anvils (T-SAC) has been de-
signed and tested. The T-SAC is less than 16 mm in length and only 14 mm in diameter. This
cell is much simpler in configuration and smaller than the conventional sapphire anvil cell and
SANS high pressure cell. The miniature feature allow it can be fit into most cryostat of modern
scientific instrument without difficulties and to be thermalised much faster. The highest attain-
able pressure of T-SAC is 6.4 GPa with sample volume more than 0.06 mm3. For pressure
range below 6 GPa, if compare the T-SAC to the DAC, the cost effectiveness of the T-SAC
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is impressive. The cell can provide more sample volume while the cost of the cell is almost
negligible.
As the sapphire anvil is the most fragile part in the cell, future study can focus on investigat-
ing the methods to improve the anvil strength. For example, better polishing method and high
temperature treatment are the potential improving method. Apart from that, the shape optimi-
sation of the anvil hasn’t been studied, the relation of the anvil geometry (e.g. the flank angle,
the culet bevel angle, the overall diameter) and massive support principle needs to be further
investigated.
11.5 Large volume piston-cylinder cells
Two large-volume piston-cylinder pressure cells have been developed in this project. The cells
are the largest cells developed in this project and they are specially designed for compressing
large amount of liquid sample up to 800 MPa. The sample volume of the type A liquid cell is
5.3 mL (5300 mm3) and the type B liquid cell is 2.8 mL (2800 mm3). These cells have been
used in the high-pressure study of salicylaldoximes process, bio-diesels decomposition and
crystallization, material polymerisation and pharmaceutical experiments. In future, if higher
pressure range is required, stronger alloy such as NiCrAl combined with pre-stressed techniques
can be used to increase the pressure limit.
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Drawings of the Hellium Gas Pressure
Cell
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Drawings of the Hellium Gas Pressure Cell
Figure A.1: The assemble drawing of the helium gas pressure cell.
187
Drawings of the Hellium Gas Pressure Cell
Figure A.2: The drawing of the cell body.
188
Drawings of the Hellium Gas Pressure Cell
Figure A.3: The drawing of plug.
189
Drawings of the Hellium Gas Pressure Cell
Figure A.4: The drawing of copper seal.
190
Drawings of the Hellium Gas Pressure Cell
Figure A.5: The drawing of M5 nut.
191
Drawings of the Hellium Gas Pressure Cell






Figure B.1: The assemble drawing of the TM-3He-DAC.
194
Drawings of TM-3He-DAC
Figure B.2: The drawing of the bottom plate.
195
Drawings of TM-3He-DAC
Figure B.3: The drawing of the top plate.
196
Drawings of TM-3He-DAC
Figure B.4: The drawing of the adjustable plate.
197
Drawings of TM-3He-DAC
Figure B.5: The drawing of the end-nut.
198
Drawings of TM-3He-DAC






Figure C.1: The assemble drawing of the PTM-DAC.
201
Drawings of PTM-DAC
Figure C.2: The drawing of end-nut.
202
Drawings of PTM-DAC
Figure C.3: The drawing of anvil.
203
Drawings of PTM-DAC






Figure D.1: The assemble drawing of the T-SAC.
206
Drawings of T-SAC
Figure D.2: The drawing of the cell body.
207
Drawings of T-SAC
Figure D.3: The drawing of the end-nut.
208
Drawings of T-SAC
Figure D.4: The drawing of the anvil.
209
Appendix E
Drawings of Large Volumen
Piston-cylinder Cell
210
Drawings of Large Volumen Piston-cylinder Cell
Figure E.1: The assemble drawing of the type A liquid cell.
211
Drawings of Large Volumen Piston-cylinder Cell
Figure E.2: The drawing of the cell body (type A liquid cell).
212
Drawings of Large Volumen Piston-cylinder Cell
Figure E.3: The drawing of the piston (type A liquid cell).
213
Drawings of Large Volumen Piston-cylinder Cell
Figure E.4: The drawing of the spacer.
214
Drawings of Large Volumen Piston-cylinder Cell
Figure E.5: The drawing of the pusher.
215
Drawings of Large Volumen Piston-cylinder Cell
Figure E.6: The drawing of the locking ring.
216
Drawings of Large Volumen Piston-cylinder Cell
Figure E.7: The drawing of the metal seal
217
Drawings of Large Volumen Piston-cylinder Cell
Figure E.8: The drawing of the retaining nut.
218
Drawings of Large Volumen Piston-cylinder Cell
Figure E.9: The drawing of the rubber seal.
219
Drawings of Large Volumen Piston-cylinder Cell
Figure E.10: The assemble drawing of the type B liquid cell.
220
Drawings of Large Volumen Piston-cylinder Cell
Figure E.11: The drawing of the cell body (type B liquid cell).
221
Drawings of Large Volumen Piston-cylinder Cell
Figure E.12: The drawing of the piston (type B liquid cell).
222
Drawings of Large Volumen Piston-cylinder Cell
Figure E.13: The drawing of the lower nut.
223
Drawings of Large Volumen Piston-cylinder Cell
Figure E.14: The drawing of the seal.
224
Drawings of Large Volumen Piston-cylinder Cell
Figure E.15: The drawing of the capsule cap.
225
Drawings of Large Volumen Piston-cylinder Cell
Figure E.16: The drawing of the capsule tube.
226
Drawings of Large Volumen Piston-cylinder Cell
Figure E.17: The drawing of the lower shield cap.
227
Drawings of Large Volumen Piston-cylinder Cell
Figure E.18: The drawing of the shield tube.
228
Appendix F
Strain gauge measurment of type B
liquid cell
Keithley 2700 multimeter was used to measure the resistence of the strain gauge, the measured



















1 9.807 120.754 0.044 120.745 0.035
1.5 14.711 120.776 0.066 120.761 0.051
2 19.614 120.796 0.086 120.778 0.068
2.5 24.518 120.813 0.103 120.792 0.082
3 29.421 120.838 0.128 120.813 0.103
3.5 34.325 120.854 0.144 120.824 0.114
4 39.228 120.872 0.162 120.839 0.129
4.5 44.131 120.890 0.180 120.853 0.143
5 49.035 120.912 0.202 120.870 0.160
5.5 53.939 120.934 0.224 120.887 0.177
6 58.842 120.950 0.240 120.900 0.190
6.5 63.746 120.967 0.257 120.913 0.203
7 68.649 120.989 0.279 120.927 0.217
7.5 73.553 121.008 0.298
8 78.456 121.026 0.316
Table F.1: Measured resistence of the strain gauge attached on the type B liquid cell; Rb was
measured before the cell was clamped; Rc was measured after the cell was clamped
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[55] G. Pépy and P. Baroni, “A new high pressure cell with sapphire windows for small-
angle neutron scattering,” Journal of Applied Crystallography, vol. 36, pp. 814–815,
Apr. 2003.
[56] M. Bonetti and P. Calmettes, “High-pressure cell for small- and medium-angle neutron
scattering measurements up to 300 MPa,” Review of Scientific Instruments, vol. 75, no. 2,
p. 440, 2004.
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